REMARKS 

In the Office Action dated November 2, 2006, claims 1-40 are pending, of which 
claims 2, 4, 6, 10-17, 21 and 24-39 are withdrawn from further consideration as directed to non- 
elected subject matter. Claims 1, 3, 5, 7-9, 18-20, 22-23 and 40 are examined and are rejected. 
Specifically, Claims 18 and 23 are rejected under 35 U.S.C. §1 12, second paragraph, as 
indefinite. Claims 18, 20 and 23 are rejected under 35 U.S.C. §1 12, first paragraph, for lacking 
complete deposit information. Claims 1, 3, 5, 7-9, 18 and 22-23 are rejected under 35 U.S.C. 
§112, first paragraph, as allegedly failing to satisfy the enablement requirement. Claims 1, 3, 18 
and 23 are separately rejected under 35 U.S.C. §112, first paragraph, for lacking enablement. 
Claims 1, 3, 5, 7-9, 18-20, 22-23 and 40 are rejected under 35 U.S.C. §102(e) as allegedly 
anticipated by Paml et al. (U.S. Published Application 2003/0092009). Additionally, the 
Examiner requires Applicants to submit a certified copy of the parent application, 
PCT/AU02/01246. 

This Response addresses each of the Examiner's objections and rejections. 
Applicants therefore respectfully submit that the present application is in condition for 
allowance. Favorable consideration of all pending claims is therefore respectfully requested. 

Initially, Applicants requested in the previous Response, filed July 31, 2006, that the 
Examiner also include claim 6 in the examination, as claim 6 depends on claim 5 and recites the 
most preferred types of cancers in the context of performing the instant diagnostic method. The 
Examiner has not addressed Applicants' request in the pending Office Action. Applicants 
respectfully submit that at the very least, claim 6 should be rejoined in the examination if the 
generic claims are found allowable. 
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With respect to Applicants' priority claim, the Examiner has acknowledged 
Applicants' submission of a certified copy of Australian Provisional Application PR7618/01. 
However, the Examiner contends that this priority document does not provide support for a 
method of detection involving an antibody to LM04 secreted by hybridoma 16H2 or 20F8. 
Furthermore, the Examiner requires Applicants to submit a certified copy of the parent 
application, PCT/AU02/01246. 

It is understood that the Examiner's determination of Applicant's priority is directed to 
the use of an antibody to LM04 specifically secreted by hybridoma 16H2 or 20F8. Applicants 
respectfiiUy submit that the priority document PR76 18/01 provides an extremely extensive 
disclosure of the generation and use of antibodies that are specific for LM04, notwithstanding the 
fact that the document may not specifically disclose the monoclonal antibody 16H2 or 20F8. 

Furthermore, Applicants are providing herewith a certified copy of 
PCT/AU02/01246. As such, AppUcants' priority claim with respect to PCT/AU02/01246 is 
perfected. 

Claims 18 and 23 are rejected under 35 U.S.C. §112, second paragraph, as indefinite 
for reciting the terms "derived from" and "derived part". Even tiiough the Examiner agrees with 
Applicants that these terms are commonly used, the Examiner maintains that the metes and 
bounds of the claims cannot be determined. The Examiner previously requested Applicants to 
clarify whether the terms "derived fi-om" and "derived part" mean "obtained fi*om" and "obtained 
part", respectively. 

In an effort to favorably advance prosecution of the present application. Applicants 
have amended claims 18 and 23 to replace the terms "derived fi'om" and "derived part" with 
"obtained fi-om" and "obtained part", respectively. It is respectfiiUy submitted that the claims, as 
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presently amended, are not indefinite. Withdrawal of the rejection under 35 U.S.C. §112, second 
paragraph, is respectfully requested. 

Claims 18, 20 and 23 are rejected under 35 U.S.C. §112, first paragraph, for lacking 
complete deposit information. 

Applicants respectfully submit that copies of the deposit receipts for hybridoma cell 
lines 16H2 and 20F8 were provided in the Response filed on August 4, 2006. As indicated in the 
receipts, the deposits were made in accordance with the provisions of the Budapest Treaty. In 
that Response, the undersigned, as Applicants' attorney, also made the statement with respect to 
the availability of the deposited materials, as required. 

During a telephone interview conducted on January 17, 2007, the undersigned sought 
clarification fi-om the Examiner as to the basis of the rejection. Apparently the Examiner had 
believed, erroneously, that the statement respecting availability need to be provided by the 
applicant or the assignee in an affidavit or declaration. The Examiner agreed with the 
undersigned during the interview that a statement made by an attomey of record should be 
sufficient and the rejection would be withdrawn. Accordingly, the rejection under 35 U.S.C. 
§1 12, first paragraph, with respect to the deposits, is obviated. 

Claims 1, 3, 5, 7-9, 18 and 22-23 are rejected under 35 U.S.C. §112, first paragraph, 
as allegedly failing to satisfy the enablement requirement. 

The Examiner indicates that claim 23 still recites "derivatives", "mutant" and 
"variant", even though it was stated in the previous Response that such terms were deleted fi^om 
the claims. 

By way of the instant amendment. Applicants have amended claim 23 to delete these 
terms objected to by the Examiner. 
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Furthermore, the Examiner maintains that the specification does not disclose any 
functional or structural attributes of an inmiunointeractive molecule other than antibodies, or any 
immunointeractive molecule other than an antibody that is immunoreactive to LM04 and forms a 
complex with LM04. Applicants previously submitted that the specification discloses other 
immunointeractive molecules, such as antibody firagments, single chain antibodies, deinmiunized 
antibodies and T-cell associated antigen-binding molecules (TABMs). In response, the 
Examiner states in the pending Action that the term "immunointeractive molecule", as defined in 
the specification, encompasses any (i.e., all) compounds, including small molecules, proteins, or 
even nucleotides, as long as such molecule binds to LM04 and forms a complex with LM04. 

Applicants respectfiiUy disagree with the Examiner's position that reference to the 
term "immunointeractive molecule" would extend to all compounds such as any small molecule 
or nucleotide. In the first instance, the fact that the molecule is classified as "immunointeractive" 
indicates that the molecule interacts via an inmiunological mechanism and not merely by any 
binding mechanism which would apply to any small molecule or other compoxmd. The generally 
recognized immunological mechanisms are those which attach to antibody and T-cell receptor 
like interactions and which therefore require antibody-like or T-cell receptor-like molecules. 

Applicants finther respectfiiUy submit that it is a well known concept that antibody 
specificity for diagnostic or therapeutic purposes extends well beyond conventional monoclonal 
antibody structure to, for instance, divalent, trivalent and single chain forms that retain target 
specificity. That specificity, however, is rendered possible by virtue of the immunological nature 
of the binding interaction that occurs. This is a distinct form of specificity, which does not 
compare and bears no similarity to the specificities which other small molecules may show in 
terms of their fiinction. To support Applicant's position, the following citations are provided: 
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HoUinger et al. (1999) (abstract attached as Exhibit 1), Bemd et al. (2004) (abstract attached as 
Exhibit 2), Kortt et al. (2001) (abstract attached as Exhibit 3), Beckman et al (2006) (Exhibit 
4) and Anderson et al (2004) (Exhibit 5). These articles also describe the various approaches to 
the generation of such antibody fragments that are well known in the art. 

Applicants respectfully submit that the present invention is principally based on the 
recognition of the relationship between LM04 and neoplastic cell development, and is not 
directed to the specific nature of the molecule which is used to monitor the change in the level of 
LM04. Therefore, Applicants respectfully submit that the claims should not be limited to certain 
specific molecules, which are provided in the specification as examples of immunointeractive 
molecules. 

In view of the foregoing, Applicants respectfully submit the specification provides 
sufficient support for those skilled in the art to practice the invention as presently claimed, 
without undue experimentation. Accordingly, the enablement rejection of claims 1, 3, 5, 7-9, 18 
and 22-23 under 35 U.S.C. §112, first paragraph, is overcome, and withdrawal thereof is 
respectfully requested. 

Claims 1, 3, 18 and 23 are further rejected under 35 U.S.C. §112, first paragraph, for 
lacking enablement on the ground that the claimed methods employ a deimmunized antibody 
wherein at least one of the CDRs of the variable domain of the antibody is derived from a 
monoclonal antibody to LM04. 

It is understood that the Examiner agrees with Applicants in that the functional 
limitation of forming an antibody-LM04 complex, recited in the claims, would inherently require 
that sufficient CDRs are derived from the anti-LM04 antibody to confer epitopic specificity. 
However, the Examiner argues in essence, that the specification does not provide any guidance 
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for making or using a deimmunized antibody having only one of the CDRs from an anti-LM04 
antibody, or having a small change in the CDRs of an anti-LM04 antibody, wherein the 
deimmunized antibody still forms a complex with LM04. 

Applicants respectfully submit that the full complement of CDRs is not required to 
produce a protein with the requisite antigen binding function. It has been shown in the art that 
single domain antibodies exhibit good antigen binding affinities, as detailed, for example, in 
Ward (1998) (abstract attached hereto as Exhibit 6) and Desmyter et al. (2001) (Exhibit 7). It 
has further been demonstrated that antibodies may be altered by replacing CDRs of an 
immunoglobulin with CDRs from an immunoglobulin of different specificity without any 
significant loss of antigen binding capacity. See, for example, U.S. Patent 5,225,539 (Exliibit 
8), U.S. Patent 6,982,321 (Exhibit 9), U.S. Patent 6,808,901 (Exhibit 10) and Jones et al. (1986) 
(abstract attached hereto as Exhibit 11). 

Accordingly, Applicants respectfully submit the present application provides 
sufficient guidance for one skilled in the art to practice, without undue experimentation, the 
claimed methods of using a deimmunized antibody containing at least one CDR derived from an 
anti-LM04 monoclonal antibody. As such, Applicants respectfully submit that the enablement 
rejection of Claims 1, 3, 18 and 23 under 35 U.S.C. §112, first paragraph, is overcome and 
withdrawal thereof is respectfully requested. 

Claims 1, 3, 5, 7-9, 18-20, 22-23 and 40 are rejected under 35 U.S.C. § 102(e) as 
allegedly anticipated by Paml et al. (U.S. Published Application 2003/0092009). 

According to the Examiner, Paml et al. disclose a method of detecting LM04 using an 
autoantibody against LM04 from serum of cancer patients. Paml et al. allegedly disclose that an 
antibody to LM04 and a fragment of LM04 formed a complex (Table 4), and that a disease 
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characterized by an abnormal growth neoplastic cells can be detected by the presence of an 
antibody to LM04 in patient's blood (page 1 8, example 2). 

Applicants respectfully submit that the Examiner's reliance on Paml et al. is 
misplaced. Paml et al. describes a large list of molecular markers of cancer, which include 
LM04. However, with respect to the use of LM04 as a potential cancer marker, the disclosure of 
Paml et al. is solely directed to detection of autoantibodies against LM04. The reference does 
not teach anywhere that the level of LM04 per se in a biological sample is in any way correlated 
with a disease. 

In particular, regarding the teaching of Paml et al. specifically relied upon by the 
Examiner, it is observed that Table 4 of Paml et al. lists an LM04 peptide as a potential peptide 
to identity tumor-specific or tumor enriched antibodies in a patient blood. See also paragraph 
[0061]. Page 18, example 2 of Paml et al., also referenced by the Examiner, describes the 
detection of autoantibodies to LM04, in contrast to the present methods which are directed to 
detection of LM04 (i.e., the antigen). AppHcants respectfiiUy submit that the level of 
autoantibodies in a sample does not necessarily reflect the level of the LM04 antigen. Changes 
in the expression level of a self antigen is entirely independent of the generation of auto- 
antibodies. In fact, by definition, since an antigen such as LM04 is a self antigen, it should 
normally not generate an immune response. Those skilled in the art would acknowledge that the 
generation of an autoimmune condition is in no way necessarily linked to an increased level of 
expression of a particular self antigen. Rather, the mechanisms which lead to aberrant induction 
of an antibody response to a self antigen are significantly more complex and generally relate to 
genetic factors, breakdown of tolerance mechanisms and the like. 
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Certainly the recognition of a correlation between the level of the LM04 antigen with 
a disease condition, which is provided by the present invention, is not disclosed by Paml et al., 
and is distinct from the observation of Paml et al. that the level of antuantibodies to LM04 can be 
correlated with a disease. Accordingly, the rejection under 35 U.S.C. §102(e) based on Paml et 
al. is overcome, and withdrawal thereof is respectfully requested. 

In view of the foregoing amendments and remarks, it is firmly believed that the 
subject application is in condition for allowance, which action is earnestly solicited. 




Xiaochun Zhu 
Registration No. 56,3 1 1 

Scully, Scott, Murphy & Presser, P. C. 
400 Garden City Plaza-STE 300 
Garden City, New York 11530 
Telephone: (516) 742-4343 
XZ:ab 

Enc: 

- Certified copy of PCT/AU02/0 1 246; 

- Exhibits 1-11. 
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Cancer Metastasis Rev. 1999;18(4):411-9. 
Engine«mg antibodies for the clinic. 
HoULgerP, BohlenH. 

In the last ten years recombinant 'protein drugs' such as erythropoietin or tissue plasminogen 
activator have become widely used in the clinic. After some early setbacks antibodies look 
well placed to join them. A decade of antibody engineering is fmally beginnmg to pay off 
■evith a string of chimeric and humanized antibodies gaining the Food and 
Drug Administration approval in the last two years. Here we will report on recent 
developments in the clinical application of antibodies, in particular, in the treatment of 
malignant lymphoma, We will also discuss some of the current strategies for the engineering 
of both whole antibodies (IgG) and recombinant antibody fragments for the next generation 
of antibody therapeutics. 



Therapeutic Antibodies 

Current Molecular Medicine, Volume 4, Number 5, August 2004, pp,539-547(9) 
Bemd Groner; Cord Hartmann; Winfried Wels 

Monoclonal antibodies had the lure of drugs very much since their first description. The 
ability to bind to a predetermined chemical structure stimulated the imagination of drug 
discoverers and developers. Nevertheless it took many years before a drug was registered 
which started to make good on the promise. The complexity of the molecule, made up of four 
polypeptide chains, its large molecular weight, its multiple and versatile functional domains 
and its mouse origin initially were obstacles for the production and the utilisation. Also the 
selection of appropriate target structures on the surface of cells turned out be difficult. Many 
of these difficxilties have been overcome. The replacement of most of the murine sequences 
with equivalent human sequences and the concomittant decrease in immunogenicity, and the 
identification of cell surface components which are causative and limiting in cellular 
transformation have made monoclonal antibodies valuable weapons hi the fight 
against cancer. Multiple mechanisms of monoclonal antibody action are being exploited for 
this purpose. Antibodies can sequester growth factors and prevent the activation of crucial 
growth factor receptors. A monoclonal antibody directed against the vascular endothelial 
growth factor (VEGF) has been shown to be a potent neo-vascularisation inhibitor 
(bevacizumab). An antibody against the extracellular domain of the EGF receptor 
prevents the binding of the ligand to the receptor and thereby its activation (cetuximab). 
EGFR activity, however, is absolutely required for the survival and proHferation of certain 
hximan tumour cells. An antibody which interferes with the dimerisation of the ErbB2 and the 
ErbB3 members of the EGF receptor family prevents the association of a most 
potent signaling module (pertuxumab). The signals emenating from this dimer determine 
many phenotypic properties of e.g. human breast cancer cells. A monoclonal antibody also 
directed against ErbB2 has been most successful, clinically and commercially (trastuzumab). 
This antibody interferes with signals generated by the receptor and causes the arrest of the 
cell cycle in tumour cells. In addition, it recruits immune effector cells as cytotoxic agents. 
Finally, monoclonal antibody derivatives, single chain Fv fragments, have been used as a 
basis for the construction of recombinant tuniour toxins. These molecules harness the 
exquisite binding specificity of the antibodies and combine them with the toxic principles of 
bacteria. 
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Dimeric and trimeric antibodies: high avidity scFvs for cancer targeting. 
Kortt AA, Dolezal O. Power BE, Hudson PJ. 

Recombinant antibody fragments can be engineered to assemble into stable multimeric 
oligomers of high binding avidity and specificity to a wide range of target antigens and 
haptens. This review describes the design and expression of diabodies (dimers), triabodies 
(trimers) and tetrabodies (tetramers). In particular we discuss the role of linker length 
between V-domains and the orientation of the V-domains to direct the formation of either 
diabodies (60 kDa), triabodies (90 kDa) or tetrabodies (120 kDa), and how the size, 
flexibility and valency of each molecules is suited to different applications for in vivo 
imaging and therapy. Single chain Fv antibody fragments joined by polypeptide linkers of at 
least 12 residues irrespective of V-domains orientation predominantly form monomers 
with varying amounts of dimer and higher molecular mass oligomers in equilibrium. A scFv 
molecule with a linker of 3-12 residues cannot fold into a fiinctional Fv domain and instead 
associates with a second scFv ^ . i- • 

molecule to form a bivalent dimer (diabody, approximately 60 kDa). Reducmg the linker 
length below three residues can force scFv association into trimers (triabodies, approximately 
90 kDa) or tetramers ( . j • . . 

approximately 120 kDa) depending on linker length, composition and V-domam orientation. 
A particular advantage for tumour targeting is that molecules of 60-100 kDa have increased 
tumour penetration and fast clearance rates compared with the parent Ig (1 50 kDa). We 
highlight a number of cancer-targeting scFv diabodies that have undergone successful pre- 
clinical trials for in vivo stability and efficacy. We also briefly review the design of multi- 
specific Fv modules suited to cross-link two or more different target antigens. Bi-specific 
diabodies formed by association of different scFv molecules have been designed as cross- 
linking reagents for T-cell recruitment into tumours (immunotherapy), viral retargeting (gene 
therapy) and as red blood cell agglutination reagents (immunodiagnostics). The more 
challenging trispecific multimers (triabodies) remain to be described. 
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Antibody Constructs in Cancer Therapy 

Protein Bngineering Strategies to Improve Exposure in Solid Tumors 
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wniareas over 85% of human cai^ccrs are solid (umors. of the 8 monoclonal anti- 
bodies (mAba) currently approved for caiicer therapy. 25% are directed at solid 
tumor surface aniigeiw (Ags). This shonfall may be due to barriers to achieving 
adequate exposure in solid tumors. Advancements in tumor biology, protein engi- 
neering. and theoretical modeling of macromoleciilar transport are currently ena- 
bling Wcnriftcadon of critical physical propenies for antitumor Abs. It is now 
possible to struCTurally modify Abs or even replace luU Abs widi a plethora of Ab 
constructs. These constructs include Fab and Fabi fragments, scFvs. mulUvaleni 
scFvs (eg., diahodies and uibodies). minibodics (e.g., scFv-CH3 dimcrs). biaped- 
fic Abs, and camel variable functional heavy ch:*in domains. The purpose of the 
article \s to provide investigators with a concepiual framework for exploiilng the 
recent sciemific odvancemcnls. The focus is on 2 ptoporiics that govern tumor 
exposure: I) physical properties that enable penetration of and retention by tumors, 
and 2) favorable plasma pharmacokinetics. It Is demonstrated that manipulnting 
molecular scte. charge, valence, and binding affinity can optimize these properties. 
These manipuladons hold the key to promoting tumor exposure and to uWiT^ately 
creating successful Ab therapies for solid tumors. Cancer 2007;109:170-9, 
© 2006 American Cancer Sociery. 
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Over 85% of humaii cancers are solid tumors, yet of the 8 mAbs 
approved as cancer therapeutics as of 2005, 5 are specific to he- 
matologic malignancies; only 3 (irastuzumab, cetuximab, and beva- 
cizumab) can be used for solid tumors and 1 of these, bcvacizumab. 
is directed at a soluble ligand. not at a surface protein within solid 
tumors.^ This disproponionality reflects the challenges of achieving 
effective concentrations within solid tumor masses. With hemato- 
logic cancers, Abs can be readily dose-adjusted to reach the desired 
serum concentr^xcion. However, with soUd tumors Abs are in rela- 
tively remote equilibrium with their target sites. Anatomical and 
physiological properties of solid tumors make them particularly 
hard to penetrate. Experimental data using radiolabeled Abs sug- 
gests tumor penetration is generally on the order of 0.01% of the 
injected dose per gram of tumor,^ corresponding to a maximal intra- 
tumoral Ab concenttation of approximately 100 nM. in agreement 
with that seen in human xenografts in mice.^^ 

Recent advancements m protein engineering are bringing drug 
developers nearer to overcoming the barriers to developing Abs ag- 
ainst solid tumors. Researchers can now create customized Ab-based 
molecules with opdmixed molecular size, valence, charge, and affinity. 

The primary building blocks of Ab abased molecules are Fab 
fragments (55 kDa) and single-chain Fv (scFV; 25 kDa),^'*' both of 
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which can be used alone or as units of larger protein 
constructs. Fab fragments, obtained by proteolytic 
digestion of IgG. incUide a single Ab light chain 
linked by a disulfide bond to a heavy chain fragment 
consisting of the variable region and the first heavy 
chain constant region, and form a single Ag binding 
site from the noncovalent association of heavy chain 
and light chain variable regions. (Fab)2 fragments 
retain the heavy chain hinge region and are bivalent. 
Single-chain Fv (scFv) g»re single polypeptide chains 
incorporating a heavy chain variable and a light 
chain variable region, with a polypeptide linker The 
heavy and light chain regions from the same chain 
form a single Ab-binding site, scFv molecules can also 
be engineered to incorporate a carboxy terminal cys- 
teine residue, thereby enabling formadon of a (scPv)2 
fragment by virtue of disulfide bridging.^ "^ Another bi- 
valent molecule is a "diabody," which is formed from 
2 scFvs linked noncovalently. Each of 2 Ag-binding 
sites is formed from the heavy chain variable region 
of 1 chain and the Dght chain vai'iable region of the 
other, with extensive noncovalent interaction. 

Diabodies have rigid, compact structures, result- 
ing in a separation of the 2 binding sites by 65 A, 
less than half the separation of the Ag binding sites 
within an IgG. As such, they may be ideal for brid- 
ging between cells.*^ A further possibility is a 
"mlnibody." in which 2 scFv fragments are linked by 
a component of the heavy-chain region (for example, 
CH3). resulting in a bivalent molecule.® 

Antibodies attack tuniors by 3 general mechan- 
isms^*'^: I) opsonissation, which triggers killing by 
immune cells. 2) modification of innate biological 
processes such as growth and apoptosis, and 3) 
delivery of a cytotoxic payload such as a chemother- 
apy drug, catalytic toxin, radioisotope, or enzyme. 
Regardless of the mechanism, unless the Ab is direc- 
ted at soluble factors in the bloodstream or at tumor 
vascular endothelium, is conjugated to a radioisotope 
with a long path length, or works primarily in con- 
junction with immune effector cells at the periphery 
of the tumor, a necessary first step is penetration of 
the Ab into tumor tissue and binding to the target. 
In many cases optimal antigrowth effects are not 
achieved if binding is restricted to the periphery of 
the tumor.* ^ Rather, the Ab must gain access to all 
viable cells within tumors at sufficient concentra- 
tions to effect a maximal change in the tumor. 

The objective of this article is to provide a con- 
ceptual framework for capitalizing on recent sdenrific 
advancements d\at can promote tumor exposure. The 
focus is on 2 parUcular properties: 1) physical proper- 
ties that enable penetration of and retention by 
mmors, and 2) favorable plasma pharmacokinetics. 



Physical Properties Governing Tumor Penetration 
and Retention 

Biological properties of solid tumors 
Several barriers to transport exist within solid 
tumors. Solid tumors differ from normal tissue with 
regard to vasculature, interstitial fluid pressure, cell 
density, tissue structure and composition, and extra- 
cellular mairbc (ECM) components. Compared with 
normal tissue ECM, tumor ECM is richer in collagen, 
the primary determinant of tissue resistance to mac- 
romolecular transport, and is stiffer.^^ Measurements 
within murine solid tumors showed that macromolc- 
cular diffusion slowed 2-fold within 200 urn of the 
surface of the tumor, and more than 10-fold beyond 
500 urn, correlating with Increasing density of BCM 
and dghter collagen organization near the core of the 
tumor.** ECM composition differs among ixxmot ty- 
pes^^'^*^ and can also change in response to radiation 
therapy.^* 

Tumor vasculature differs from that of normal 
tissues in that tumor blood vessels generally are 
more heterogeneous in distribution, more tortuous, 
larger in size, and more permeable.^'^'^^ Tumor blood 
supplies have high viscosity, due to cells and large 
molecules drained from the interstitium,*^ resulting, 
together with vessel tonuosity, in greater blood flow 
resistance and lower blood flow relative to normal 
tissues.^^ 

Vascularity is an important determinant of lumor 
biodistribution of Abs. In order to uniformly pene- 
trate a tumor, an Ab or fragment must penetrate half 
the distance to the nearest vessel. Average iatervessel 
distances range from 40 to 100 micronsr^'"* How^ 
ever, in areas of anatomic hypoperfusion individual 
intervessel distances can range up to as high as 1 
mm to 1 cm.^^ In addition, areas of functional hypo- 
perfuvsion can exist due to local elevations In intersti- 
tial pressure.^^ Because diffusion distance is pro- 
portional only to the square root of time, diffusion of 
an TgG across half a centimeter into such a region of 
hypoperfusion could take weeks to months. Diffusion 
of a smaller fragment such as scFv into this space 
could be 2-6-fold faster but could still take up to a 
month. The therapeutic relevance of penetrating 
these extremely hypoperfused areas depends on 
whether they contain viable tumor ceils despite the 
hypoperfusion. 

In solid tumors, large particles such as tumor 
cells commonly enter lymphatic capillaries, impair- 
ing lymphatic drainage^^ and decreasing the clear- 
ance of high molecular weight compounds from the 
tumor imerstitium. This decrease in clearance, cou- 
pled with leakiness of the microvasculature, results in 
a tendency for macromolecules greater dian 45 IsDa 
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to be retained in solid tumors, a phenomenon^termed 
"enhanced permeability' and retention" (EPR)." 

Retention of macromolecules elevates oncotic 
pressure, in turn drawing water into the tumor inter^ 
stitiiim^ and raising interstitial pressure compared 
with normal tissues. Interstitial Huid pressure is ele- 
vated uniformly throughotn a tumor and drops pre- 
cipiiously to normal values in the tumor's^ periphery 
or m the immediately surrounding tissue."^ Elevated 
interstitial pressure correlates with increased tumor 
size, decreased oxygenation, and decreased radiosen- 
sitlvity^"^""^® Macromolecules must diffuse against this 
pressure gradient to penetrate tun\ors. 

Because mmor size affects both the distance, 
which Aba and their fragments must diffuse to uni- 
formly penetrate, as well as the interstitial pressure, 
which sets up convection currents unfavorable to 
penetration, larger tumor masses may be more diffi- 
cult to treat with monoclonal Ab therapies. A study 
in colorectal patients with tumors of varying sizes, 
utilizing radiolabeled anri-CEA Mab, showed that the 
tumor penetration in percent injected dose per gram 
of tumor was proportional to the reciprocal of the tu- 
mor mass to the 0.362 power— i.e., approximately in- 
versely proponional to the tumor diameter.^^ 

Physical Properties of Ab Constructs 
That Favor Tumor Exposure 

Subsequent to extravascularization, an anticancer 
agent must reach its binding sites on tumor cells. 
The agent would then ideally fully penetrate the tu- 
mor to maximize potential therapeutic efficacy A 
strong molecular attraction tends to compete with 
tumor penetration because the agent can get stuck at 
the periphery Moreover, the ability to rapidly pene- 
trate deep into a tumor mass is often associated with 
suboptimal retention within the tumor. In designing 
antitumor constructs, a suitable balance must be 
found between propenies that promote tumor pene- 
tration and those that promote tumor retention; 

The transport of macromolecules in normal tis- 
sues is frequently by convection,^^ which is governed 
by hydraulic conductivity and pressure differences. 
However, within tumors, elevated and uniform inter- 
stitial pressure limits convection, and diffusion plays 
a prominent role in transport.^^ To achieve favorable 
tumor exposure, it is important to optimize diffusion. 

A major determinant of speed of diffusion 
through tumors is molecular size.*^'^^'" The rate of 
diffusion is inversely proportional to the molecular 
radius, or approximately to the cube root of molecu- 
lar welght.^"'^* scFv fragments diffuse approximately 
6 times faster than IgG, due to their smaller size and 
other factors.'^ 



Molecular charge and shape also affect tumor 
distribution. Because of its elongated shape and 
charge characteristics, IgG diffuses more slowly than 
dextrans of a similar molecular weight" and, indeed, 
the interstitial volume accessible for diffusion of an 
IgG is approximately one- third that of an scFv.^- An 
analysis of 13 derivatives of scFv showed that the 
molecules with isoelectric points between 5 and 9 
had superior tumor penetrauon relative to those out- 
side this range."^^ These results led to the hypothesis 
that therapeutic proteins with isoelectric points 
below 5 or above 9 are prone to immobilization by 
electrostatic Interactions with the vascular endothe- 
lium and/or extracellular matrbc,^' 

Affinity for the target antigen (Ag) is an important 
variable affecting timior distribution. Whereas one 
might presume that tighter binding is better, modeling 
by Welnstein and van Osdol^"^ showed that tighter 
binding tends to result in increased retention of Ab at 
the periphery of 0.3-nun tumor nodules. The term 
"binding site barrier" was coined to describe the phe- 
nomenon of hlgh-afGnity Abs getting stuck at the tu- 
mor periphery^ 

Originally, the idea that Ab affinity could increase 
beyond an optimum seemed counterintuitive, but it 
was subsequently confirmed experimentally by Adams 
et al.,"*** who prepared a series of radiolabeled mutant 
scFvs that bound to an identical HER2/ntfw epitope, 
but with varying affinity from 10"^ to 10""^^ M, and 
studied their biodistributions in SCID mice bearing I 
mm human ovarian tumor xenografts. Biodistribution 
into the tumor, plasma, and normal tissues was evalu- 
ated and Immunohistochemistry assessed uniformity 
of tumor penetration. The studies were done both in 
normal mice and in mice rendered anephric for 48 
hours to prolong the serum half-life of the scFv. 

Peak tumor: normal organ ratios and maximum 
tumor retentions of label were obtained with the 10 ® 
M kD affinity variant. Lower dissociation constants 
» 110"'** to 10*^^ M) resulted in equal tumor acctunula- 
tion but less selectivity for targeting tumors. The most 
uniform intratumoral distribution was achieved with 
the scFv possessing the highest dissociation constant, 
IQ-^ M, Intratumoral distribution became more uni- 
form with mote time for equilibration by rendering 
the mouse anephric for 24 hours compared with the 
normal scFv half^Ufe in mice of 3.5 hours. Thus, ho- 
mogeneity of tumor penetration was optimal at a low- 
er affinity than the affinity associated with the best 
tumor retention and selectivity."^ In interpreting these 
results, one must bear in mind that radioiodinated 
antibodies can suffer hydrolysis of the label upon cel- 
lular internalization,^® which may occur to a greater 
extent with a higher-affinity antibody. 
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To address the question of optimal affinity, Graff 
and Wirmip** modeled successive penetration of 
layers of ivimor spheroids In the setting of 

Ab excess. Using parameters derived from the litera- 
ture their simulations were in qualitative and quanti- 
tative agreement with a variety of experimental data- 
sets including kinetics and dose dependence of Ab 
uptake into spheroids^^^^ and biodistribmion of Abs 
and Ab fragments into tumor xenografts as a func- 
tion of affinity, molecular weight, and elimination 
half-Iife*-*^"»® 

During an Initial loading phase, imratumoral dif- 
fusion competes with systemic clearance, and bound 
Ab moves toward the tumor core, whereas the con- 
centration of free Ab at the tumor surface remains 
high. Low-affinity Abs penetrate more deeply into 
the tumor than high-affinity Abs. Penetration of the 
spheroids is ptoponional to the free diffusion rate 
and to the surrounding plasma area under the curve 
(AUG), according to the model. 

In the model's second, or retention, phase, Ag 
internalization or shedding depletes Ag-Ab com- 
plexes, in competition with Ag-Ab dissociation. Inter- 
nalization may be associated with antitumor effect, 
either by cellular internalization of a toxic moiety 
conjugated to the Ab, or by elimination of the Ag as 
a cellular signaling receptor. As the affmity increases, 
more Ag-Ab complexes will internalize. Maximal tu- 
mor retention and exposure require Ag-Ab dissocia- 
tion rates equed to or less than elimination/inter- 
nalization rates, so as not to compete with this pro- 
cess. This corresponds to a Kd of 10^® to 10^^*^ M for 
a construct with a metabolic half-life of 1 day, or to a 
weaker Kd for more rapidly internalizing Ags, 

lain and Baxter^^*'*® also modeled the effect of 
binding, concluding that higher affinity Abs have 
slower penetration but increased retention. They fur- 
ther demonstrated that in Ab excels higher affmity is 
becter. but in Ag excess high aCBnlty Abs can be stuck 
at the periphery. 

Thus, the optimal binding affinity balances 2 
goals: I) sufficiently rapid diffusion to enable pene- 
tration into the core of the tumor, and 2) sufficiently 
long retention to enable signaling inhibition, interna- 
lization, or other events required for a pharmacody- 
namic effect. Overall, the optimal Kd is governed not 
only by characteristics of the Ab, but by the Ag and 
by the requirements for therapeutic efficacy as well. 

Experimental results are consistent vnth these 
theoretical principles. Yokota et al.*° tested the effi- 
cacy of 3 radiolabeled Abs with affinities varying from 
4 X 10"*** to 4 X 10"^* M in a murine xenograft model. 
The tighter binding Abs were more potent and more 
efficacious. However, the initial tumors were small* 



about 30 mm^, and given that the attached 1-131 has a 
radiation pathlength on the order of 1-2 mm, not much 
penetration would have been required. 

Adams et al.^ demonstrated that there was an af- 
finity optimum for scFv, and higher affinities beyond 
the optimum resulted in inhomogeneous tumor 
penetration and decreased tumor/normal tissue se- 
lectivity. 

Blumenthal^^ investigated the effect of total Ab 
dose and tumor size on uniformity of biodisrribution 
using radiolabeled IgGl of affinities from 10"* to 
10"^ M in xenografts varying in size from 0,25 to 1.5 g. 
Total Ag measurements by immunoassay suggested 
an intraiumoral Ag concentration of 10"^ M and 
that, at a total Ab dose of 400-500 jig, Ag and Ab 
were present at 1:1 stoichiometry within the tumor. 
Doses of up to 800 ng were utilized, which is 7-fold 
higher on a molar basis than used by Adams et al,"* 
The IgG would have a half-life of about 100 hours in 
mice," The higher doses resulted in improved homo- 
geneity of distribudon in most cases, although distri- 
bution was still heterogeneous in the larger tumors 
using the higher-affinity Abs. This study suggests that 
if dosing to Ab excess can be achieved, the "binding 
site banier" may be overcome, although slow diffu- 
sion is sdll an issue for IgG in larger tumor masses. 

Verel et al."*'^ compared tumor biodistrlbution 
and radiotherapy efficacy of a series of 5 IgGl Abs, 
with kDs ranging from 10"® to 10"^° M in a xenograft 
model. The lower-affmity Abs demonstrated in- 
creased tumor accumulation and radiotherapy effi- 
cacy for 100 nun^ tumors at the very low dose used 
(20 ng), 40- fold lower than in the Blumenthal'*'' study. 

From the above experimental and theoretical 
studies, it is dear that the optimal affinity for an Ag- 
Ab complex depends on a variety of factors, includ- 
ing the intervessel distance over which diffusion is 
required, the size of the construct, the plasma AUG 
over single and repeat dosing, the target Ag density, 
the relative intratumoral stoichiometry of Ag and Ab, 
and the complex dissociation rate relative to rates of 
Ag dissociation, elimination, and/or internalization. 
In general, the studies with higher Ab exposure and 
smaller tumors demonstrate tighter affinities at the 
optimum than those with larger tumors or lesser 
total Ab exposure. Plasma concentrations from clini- 
cal doses of trasiuzumab (Herceptin) are about 
1 nM, more comparable to that achieved in the Blu- 
menthal study,**^ than the lower concentrations con- 
sidered in the other studies by Verel,**^ Adams et al.,**^ 
or the theoretical study that raised the binding site 
barrier question.^^ 

A variety of Ab constructs have been investigated 
as alternatives to full Abs for diagnostic and thera- 
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peutic appUcacions, exploiting the importance of mo- 
lecular size in rumor biodistribuiion, as discussed 
above, and additionally exploring the role of multiva- 
lent constructs. These alternatives include Fab and 
Fabi fragments; scFv constructs, both monovalent 
and multivalent (diabodies. iriabodies, and tetrabo- 
dies); minibodxes (i.e., scFv-CH3 dimers); bispeclftc 
Abs: and camel variable functional heavy chain 
domains. In general, lower molecular weight con- 
structs penetrate more quicldy into tumors but have 
shorter and lower overall retention. Increased valence 
generally increases tumor uptake and specificity. 

Thus, several groups^^'^^ demonstrated rapid tu- 
mor uptake and plasma clearance of scFvs in a mu- 
rine xenograft system, as well as more homogeneous 
penetration of the tumor compared with larger 
forms. This was also true for variable domains from 
camel-derived heavy chains, at 15 kDa the smallest 
known Ag-binding fragment.'*^ Smaller constructs 
such as scFv, diabodies, triabodies, minibodies. and 
Fab have been shown In xenograft systems to have 
shorter half-lives and higher tumor-to-organ ratios, 
but lower overall tumor uptake at long dmes com- 
pared vJith corresponding Fab'2 constructs.^^*^ Liu 
et al.^^ demonstrated superior tumor uptake of an 
Fab compared with the parent Ab in a xenograft 
model during a 3-14-hour time window suggesting 
applicability for imaging, whereas Sundaresan et al.^^ 
reached similar conclusions for minibodies and dia- 
bodies. Holton et al. and Covell et al.^^**® systemati- 
cally compared biodistribution of mAbs with the 
corresponding Fab and Faba constructs, both for 
binding Abs and nonspecific Abs. 

Several groups have examined the effect of 
increased valence, Adams et al.^ showed that a dia- 
body possessed significantly improved in vivo tumor 
retention compared with its corresponding scFv 
monomer. Nielsen et al.^® created bivalent diabodies 
from scFv ranging in affinity from 10'^ to lO'"^ M, 
targeted to the same epitope. These bivalent diabo- 
dies possessed affmlties with a much narrower range 
of 6 X 10"^ to 3 X 10"^^ M. TXimor retention was 
improved by conversion to the diabody format, and 
optimal tumor biodistribution was seen for the weak- 
est-binding diabody, again demonstrating that 
Increases in affinity and avidity beyond the optimum 
may have linle utility Adams et ai.^" compared scFv 
dimers with 1 and 2 Ag-spedfic binding sites to the 
parent scFv, and showed that the enhanced tumor 
retention of such dimeric Abs in a murine xenograft 
model compared with scFv is due to increased va- 
lence, not to increased molecular weight. However, 
both of these constructs are below the 60-kDa glo- 
merular filtration threshold, and thus are consider- 



ably smaller than IgG molecules. Rossi ei al.^* show 
in a xenograft system that tetrabodies have higher 
tumor uptake than the corresponding triabodles or 
diabodies. Chauhan et al.*^- compared diabodies and 
tetrabodies to monovalent scFv in xenografts and 
found that the multivalent constructs had 3-4-fold 
higher tumor uptake and 6-8- fold lower renal uptake. 
In contrast, liule difference was seen in the biodistri- 
bution between monovalent and divalent constructs 
of variable domains from camel fvmctional heavy 
chains.** Stono et al ®' found In patients with hepatic 
metastases from colorectal cancer that a trivalent 
Fab'3 construct had comparable tumor uptake and 
tumorblood ratios to the parent mAb. 

Bivalent Ab constructs may be either monospeci- 
fic or bispecific. Gmaz-Guyon et al *^ noted enhanced 
tumor targeting by bispecific Abs in a pretargeted 
radioimmunotherapy strategy. Renner et al.**® found 
similar biodistriburion of a bispecific anti-CD 16/anti- 
CD30 mAb compared with a monospecific anti-CD30 
mAb. The bispecific Ab had previously shown a 30% 
response rate in Hodgkin lymphoma patients resist- 
ant to standard therapy. 

Clearly, tumor penetration requires sufficient se- 
rum exposure. Below we consider factors chat influ- 
ence serum pharmacokinetics. 

Pharmacokinetic Considerations 

Systemic clearance 

Because of tlieir large size, IgGs are resistant to filtra- 
tion by the kidney and urinary elimination is negligi- 
ble. Ab fragments such as Fab and Fv are sufficiently 
small to undergo glomerular filtration. However, 
because of the highly efficient mechanisms for recy- 
cling amino acids, the majority of the filtered pro- 
teins are reabsorbed rather than passed into the 
urine. With the exception of IgA (which is subject to 
a minor extent of biliary excretion), immunoglobu- 
lins are generally not eliminated in the feces.^^ 

The receptor FcRn (neonatal receptor or Bram- 
bell receptor) t binds to the Fc portion of Abs and 
plays a major role in clearance of IgG from the circu- 
lation.^^'^ FcRn is expressed in cells in close contact 
with serum. Most semm proteins are pinocytosed 
and undergo gradual acidification in endosomes, fol- 
lowed by fusion with lysosomes and hydrolysis. How- 
ever, IgGs bind to FcRn at low pH and the complex 
is carried back to the cell surface, whereupon it dis- 
sociates at neutral pH. FcRn therefore serves as a 
protective carrier that shuttles IgG away from the ly- 
sosome and back into the serum. 

Endogenous human IgGx, IgGj, and TgG4 all have 
high affinities for FcRn, and these high affinities 
largely account for the 3-week circulating half-lives 
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for these isotypes. Human IgGa. which has relatively 
low affinity for FcRn, has a shorter half-Ufe (1 week), 
Murine Abs have low affinity for human FcRn and a 
much shorter serum half-life in humans.^^'^^ Muta- 
tion of specific amino acids in the Cu2 or Ci,3 do- 
main of Fc alters affinity for FcRn, in turn altering an 
Ab's serum half-life.^^ ''^ 

Interacuons with the target Ag are important to 
Ab clearance/^ Many therapeutic Abs demonstrate 
rapid clearance when their serum concentrations fall 
below a threshold concentration,' conesponding to 
the point of equal amounts of Ab and target. 

Volumes of distribution 

After intravenous administration, mAbs initially dis- 
tribute into a volume roughly equal to the plasma 
volume (0,045 L/kg)^'^^'^^ and on approaching steady 
state the volume of distribution increases to approxi- 
mately 0,1 L/kg, reflecting only limited extravascular 
distribution/^^^® Biodistribution studies in animals 
lacking the target Ag have shown that the largest per^ 
centage of the dose of mAb is In the plasma and 
that whole-body distribution predominantly ^targets 
organs that are highly perfused with blood. In 
murine xenograft models^ mAbs directed against tu- 
mor-specific Ags stUl largely remain in the blood; no 
more than 20% of the administered dose typically 
associates with the tumor,^'®^ 

The limited extravascular distribution of Abs 
reflects Umited extravasation in normal tissues and 
elevated Interstitial pressure in tumor tissues, as 
alluded to above. One strategy to promoting vascular 
penetration into soUd tumors exploits s^f^c^^^J^^®" 
cules expressed on tumor vascular endothelia. ' In 
1 case, an Ab directed against an endothelial cell sur- 
face protein, annexin Al, determined by subtractive 
proteomics to be specific to soUd tumor vascular en^ 
dothelium, enabled efficient tumor targeting via 
apedalized vascular endothelial structures called 
caveolae. Caveolae are invaginatioixs of the plasma 
membrane of endothelial cells, rich in the membrane 
protein caveolin, through which "u-anscytosis" of 
macromolecules from the vascular compartment to 
the interatitium may occur.*** 



Excretion of novel Ab constructs 

Molecular size of Ab-based molecules is an impor- 
tant determinant of renal excretion. The Tw2 of a 
protein molecule correlates with its size relative to 
the threshold for glomerular filtration, which Is esti- 
mated to be approximately 60 kDa."' Whereas intact 
IgG molecules (150 kDa) are too large to be filtered 
by the kidneys, smaller constructs may be subject to 
extensive renal clearance, resulting In shorter half- 



lives. For example; small scFv fragments (30 kDa) 
have Ti/2 values in the range of 2 hours 

Cuffent Perspectives, Challenges, and Future Directions 
Optimizing biodistribution properties of Ab con- 
structs depends on a large number of host and tu- 
mor variables. These include: the density and 
distribudon of target Ag in tumors and normal tis- 
sues; the degree of target occupancy and residence 
time required for tumor ceU kill; possible toxicities 
from normal tissue distribution: tumor size and vas- 
cularity; tumor interstitial pressure, convection, and 
diffusion: and meiabolUm and internalization rates 
for Ag-Ab constructs. 

An equally large number of Ab construct and 
therapy variables are available for optimization, 
including size, charge, and valence; constant region 
type and glycosylation pattern; presence or absence of 
a radioisotope or a toxic moiety; dose, route, and 
schedule of administration; and use of a uaditional or 
of a pretargeting strategy. Given the complexity of the 
problem, systematic preclinical programs may en- 
hance the likelihood of success in subsequent clinical 
studies Such precUnical invesugations should inte- 
grate both experimental and theoretical approaches. 

Preclinical studies of a putative Ab-based thera- 
peutic agent can encompass a variety of constructs, 
differing in molecular weight, affinity, valence, and/ 
or other features of interest, which bind to the same 
epitope as demonstrated by competition experi- 
ments. The Ag density and target affinities should be 
known for both tumor cell and cross -reacting normal 
tissues, and the percent target occupancy and 
required residence time for tumor cell kill should 
ideally be estimated in vitro. Similarly, rate constants 
for Ab-Ag internalization should be determined, if 
applicable. Dose and schedule should be varied and 
antitumor efficacy, pharmacokinetics, overall biodis- 
tribution, homogeneity of iniratumoral distribution, 
and tumor microvessel density and distribution ide- 
ally should be measured in tumor-bearing animals 
with a variety of lumot sizes. Many of these features 
have been present in the work reviewed above, and 
they have shed light not only on specific applications 
but also on general principles. 

Studies in tumor-bearing rodents are often con- 
founded by lack of normal Ussuc reactivity with Ab 
constructs directed toward human Ags, but studies in 
transgenic animals can be performed in some 
instances to alleviate this issue. For example, CEA- 
transgenic mice were used to test and-CEA mAbs 
and revealed specific accumulation in normai gas- 
trointestinal mucosa as well as in adenomas and 
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Theoretical models may help to understand and 
incerprei experimental results, to priorinze further 
experimental work, and co translate experiments in 
miuine systeras to humans. Baxter et al.^^'^^ devel- 
oped a physiologically based pharmacokinetic model 
that included tumor, interstitial, plasma, and a vari- 
ety of organ compartments. The model accounted 
for iranscaplllary transport and specific and nonspe- 
cific binding, but not for heterogeneity of tumor bio- 
distribution. Adjustable parameters were determined 
from work with a nonspecific IgG and then carried 
over to specific Ab constructs with good agreement 
with experimental data in mice. Importantly, it was 
feasible to scale up the predictions from mouse to 
human, taking some adjustable parameters from the 
litcTature. other parameters directly from the mouse, 
and others from the mouse by ailometric scaling. 
Agreement with human data was qualitatively good 
for a variety of Ab constructs, although the largest 
discrepancies involved distribution into the tumor. 

In optimizing Ag^Ab constructs for affinity and 
other properties it is well to bear in mind the mecha- 
nism of cell kiU, and the requirements in terms of 
percent occupancy of target sites and residence 
times required to effect killing. If a high percentage 
occupancy and long residence time are required for 
cell kill, high affinity may be preferable and the 
approach would have to be to treat the outer layer of 
the tumor with each course, "peeling the onion" step 
by step. Tumors are genetically unstable, however, 
and if antibody therapies take coo long to penetrate 
them, may acquire resistance ®- Conjugates of Abs 
vsfith toxins or chemotherapy must have a sufficient 
residence time to internalize, but depending on the 
potency of the toxin or chemotherapy, may require 
that residence time for only a small percentage of 
receptors. When only brief residence time or low per- 
centage occupancy is required for cell kill, a lower- 
affinity Ab might enhance uniformity of tumor penetra- 
tion, Radioimmunotherapy is a special case in that only 
a brief residence time may be required but the path 
length of the radiation may enhance the effccdve tu- 
mor penetration. Similarly, Abs which bind to dtculat- 
ing soluble factors, to the vascular endothelium, to the 
extracellular matrix, or to immune effector cells, may 
not need to penetrate the tumor to the same extent, 

In summary, we suggest the following algorithm, 
supported in each case by preclinical experimental 
and theoretical studies, and if possible clinical bio- 
distribudon studies, when designing an Ab construct 
and dosing schedule: 

1. Determine the extent of tumor penetration that is 
required, considering wl^cther the target is on the tumor 



cell surface, on ih9 extracellular matrix, on immune 
effector cells, or on circulating factors, and to what 
extent its effect Is extended by bystander effects or radia- 
tion path-length if the antibody is to be radiolabeled. 
Radiolabeled antibodies and those acting on circidating 
CacTors or immune complexes may not need to penetrate 
tumors to the same extent. The answer to this question 
detetmines the applicability of Questions 3 and 4. 
2. Determine the extent and duration of receptor occu- 
pancy that are required to aciiicve the desired pharmaco- 
dynamic effects. The affinity or avidity for the target 
must be sufficient to achieve this goal, irrespective of 
odier considerations. Once this minimal affinity is 
achieved, further increases in affinity miwt be balanced 
against possible reductions in homogeneous tumor pene* 
tration. These considerations apply in settings of Ag 
excess. If Ab excess can bo achieved, all binding sites can 
be saturated. Detemiining whether the situation reflects 
Ag excess or Ab excess roquires icnowledgo of the target 
density on tumor and other cells as well as the pharma- 
cokinetics of the Ab. Radiolabeled antibodies may require 
much lower receptor occupancy in that they can achieve 
cytotoxicity at a distance determined by their radiation 
pathlengch. 

3. Ab constructs shotild have isoelectric points near physi- 
ologic pH if tliey are required to diffuse through the extra* 
cellular matrix or penetrate into tumors (see Question 1), 
as molecules with neuual charge diffuse more readily. 

4, If tumor penetration is required (see Question 1), con- 
sider smaller Ab conStmcts thai diffuse more readily into 
the tumor, enhancing dieir tumor-Specific retention by 
increasing their valence, as may be achieved with such 
consimcts as diabodies. Smaller constructs that are 
below the 60-kDa threshold for glomemlar filtration will 
be more rapidly excreted if they are not retained in the 
tumor, particularly if they do not have an Fc portion ena- 
bling recycling through the FcRn receptor. As long as tu- 
mor retention id sufficient, however, rapid excretion may 
lead to reduced normal tissue binding, and hence 
reduced toxicity. 

These principles should prove useful in guiding 
the development of Abs for cancer therapy. 
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In recent years, monoclonal antibodies have emerged as an 
increasingly important class or human thdrapaut'ics. A variety 
of fomns of antibodies, including fragments such as Fabs, 
Fab'26 and single-chain Fvs, are also being evaluated for a 
range of different purposes. A variety of expression systems 
and improvements within these systems have been 
developed to address these growing and diverse needs. 
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Abbr(>vi<ftions 

ADCC antibody-dependent collufar cytotoxicity 
OHO Chinese hamster ovary 
DHFR dihydroFolatd reductase 
IgG immunoglcbulin G 
PEG poVeihylene glycol 



Introduction 

Several rccenc successful clinical results have led to an 
increased inrcresc in approaches for expressing various 
forms of monoclonal antibodies. Large doses arc often 
required for thcrapcudc purposes, in some cases exceed- 
ing a gram per pacienc per year. This need has driven che 
development of a variety of production systems ro maice 
these molecules efficiencly and cosc-effeccivcly. Trun- 
cated forms of antibodies, including Fab, Pab'z and 
single-chain Fv forms, have also been used for a variety 
of clinical applications. Depending on the speciBc usc» 
different forms and different production hosts might be 
desirable and several recent reviews have spccificaily 
addressed issues surrounding produccion in microbial 
systems (1.2*] and transgenic planes (3]i as well as general 
produccion issues [41. Given the rapid pace of progress 
and large amount of active work in this field, this review 
will necessarily be incomplete and will focus on a subset 
of che n>osc recently reported advances and developments 



in expression technologies for antibodies and antibody 
fragments. 

Antibody fragments and microbial 
production 

Antibody fragments such as Fabs or Fab'zs can be the 
therapeutic of choice for some applications where Fc- 
mcdiated effector functions are either not required or arc 
deleterious. The smaller antibody fragments exhibit a 
shorter circulating half-life than full-length immunoglo- 
bulin G (IgG) molecules, but their smaller size can also 
make them more suitable for applications such as tumor 
penetration and Imaging [4]. 

These antibody fragments can be generated from mam- 
malian-produced full-length antibodies by creating the 
IgGs with pepsin or papain. However. Escherichia colt 
remains che produccion system of choice for antibody 
fragments used in therapeutic applications for several 
reasons. Firstly. £. coH production can offer a rapid means 
CO progress from antibody selection co good manufaecur- 
ing practice (GMP) production of antibodies, due co che 
case and speed of making productive cell lines compared 
CO eukaryocic cell lines [1], Secondly, as will be discussed 
below» high produccion levels of antibody fragments are 
usually attainable when E, coli is used as che production 
organism. Currently, there are several Fabs or Fab's in 
clinical trials (Genentech hctp://www. gene. com and Cell- 
tech hccp://www.cellcech.com) produced using E, coli, 

A variety of approaches have been adopted by different 
groups to improve che production levels of antibody 
fragments using the E. coli system. Expression levels of 
up to 2 g/L have been reported (5]. The approaches taken 
include optimizing che expression of light and heavy 
chains to obtain increased titers of a Fab' (6), host-cell 
engineering to prevent proteolysis of che light chain [5], 
and co»expressing chaperones co improve protein folding 
[7] or disulfide bond formacion (8], 

Although the short circulating halMife of antibody frag- 
ments is suitable for some applications such as tumor 
imaging, it can also be a limitation for a wider range of 
therapeutic uses. Chapman showed chat sice-specitic 
accachmenr of eicher a single or a double 25 kDa or a 
single 40 kDa polyethylene glycol (PEG) moicry co an 
Fab' could increase che circulating half-life by up to 80% 
of char seen for the IgG wichout a loss in antigen binding 
(9). Leong etal, showed chat che circulating half-life of an 
Fab' could be modulated by che choice of size and 
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scrucrure of the PEG moiecy accachcd [10). A rcccnu 
review by Chapman further discusses the Increases in 
circulating half-life chac can be obcained by accaching 
PEG moiccics co antibodies (11]. Dennis et oL describe 
an albumin-binding pcpcide chac chcy fused co che C 
cerminus of a Fab light chain. Using chis peptide they 
were able to dcmonscrace a 26- to 37-rold increase in 
circulating half-life in cither mice or rabbits [la**). The 
development of such techniques co increase ctie circulac- 
ing half-life can excend the therapeutic usefulness of 
antibody fragments and allows for less frequent patient 
dosing. 

There has also been a recent report of producing full- 
length antibodies in R, colt Up until this report, 
the dogma had been that it was too difficult co make 
Fc-concaining antibodies in E. coH, The fulMengih anti- 
bodies produced in E, coH arc aglycosylaced and lack che 
abiliry to bind to the various Pc^ receptors, but they do 
retain binding to che neonatal Fc receptor (FcRn) and» 
thus, have a long circulating half-life. Although many 
therapeutic uses of antibodies arc thought co require 
the effector functions mediated through Fc^ receptors, 
there are also therapeutic indicadons such as the binding 
of a soluble antigen chat do not require effector functions. 
Aglycosylaced antibodies can be a suitable choice for 
these types of indications. 

Fungal production 

There have been recent reports describing the use of 
Aspergillus niQsr for the production of monoclonal anti- 
bodies or antibody fragments. Fungal production of anti- 
bodies could offer potential advantages over E, coli, if 
production titers can be boosted in the fungal systems. 
Antibodies and fragments produced in che £. co// system 
arc usually retained in che E. coli periplasm, necessitating 
some type of cell lysis and recovery of the antibody of 
interest from a complex protein milieu. Proteins made in 
fungal syscems are generally secreted to the culture super- 
natant, a potential advantage for product purification. 
Filamentous fungi such as Aspirpllm are capable of 
secreting high levels of homologous proteins, but these 
high levels have yet to be obtained with heterologous 
proteins [14], 

Ward ef aL expressed full-length IgGs in A. nigcr using 
an N-terminal fusion to glucoamylase for both light and 
heavy chains. They relied on the endogenous KcxB 
protease in A, niger co cleave off the fusion during the 
secretion of the antibody [15*]. The authors found incffi- 
cienc cleavage of glucoamylase from the antibody, but 
were able co partially remedy the problem with che 
addition of glycine residues between the glucoamylase 
and cither the light chain or heavy chain sequence. The 
resulting antibody was found co have glycine residues at 
che N terminus of the two chains. Expression levels of up 
CO 900 mg^L arc reported. 



An outstanding question concerning antibody production 
in fungal syscems is whether che differences in glycosyla- 
don compared with mammalian syscems will cause 
immune responses or lead co a lack of effector functions 
in therapeutic uses. The antibodies made in A. mgerMrorc 
found CO contain a mixcure of glycosylated and aglycosy- 
laced heavy chains, but did demonscrace a long circulating 
half-life and antibody-dependent cellular cycocoxicicv 
(ADCC), 

An inccresclng new approach co modifying che glycans 
accached co recombinant proteins made in fungal Systems 
was recently described by Hamilton e/ aL [I6n. They 
used a combinatorial library to optimize the cloning of 
various glycotransferascs to humanize the glycosylation 
^vthw^y of Pichia pasioris. If this approach can be com- 
bined with high-level expression of antibodies (up co 
1.2 g/L has been reported [17]), it could compete with 
exiscing mammalian culture syscems for the production of 
ancibodies chac retain effeccor functions and have human- 
like glycosylation. In another recent study, monomeric 
scFv production in P. ;)/w/»rw Was also demonstrated and 
optimized [18]. 

Plant production 

Research has continued into using plants as a production 
platform for antibodies and other therapeutic proteins. A 
recenc review [3] discusses the current state of progress 
and the outstanding issues that need to be resolved in 
order for a plane-derived antibody for parental delivery co 
be approved for markecing. The pocencial advantages for 
che plane system chat are ofcen cited are capital cost 
savings, che ability co cicher increase or decrease produc- 
cion outpuc depending on market needs, and che lack of 
mammalian pathogens in plants. Some of che current 
hurdles include a long inicial lead time for production, 
regulatory uncercaincics. and questions about the suit- 
ability of plane glycans for human chcrapeucics. One 
approach has been co mutate the N-llnked glycosylacion 
sice found in che Fc of monoclonal ancibodies and to 
thereby produce an aglycosylatcd antibody. Another 
approach taken has been to try and modify the glycosyla- 
tion enzymes in plants to more closely resemble those in 
humans. Bakker 5/ «/. co-expresscd human pi,4-galacto- 
syltranfcraso and an antibody in tobacco plants and 
obtained a galactosylation profile resembling chat found 
in mammalian antibodies (19J. 

Mammalian cell production 

While specific types of ancibodies and antibody fragments 
are amenable to production in microbial or other systems, 
mammalian cells remain the dominant system for the 
production of che majority of full-lengch chcrapcucic 
ancibodies. Rocombinanc Chinese hamster ovary 
(CHO) and NSO cells remain che most prominent cell 
lines of choice, although numerous other cell lines have 
been explored as well. For example, the human cell line 
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PER.C6 has recently been ddmonscrated to produce 
signiiicanc levels of recombinant produces including anci- 
bodies in serum-free, suspension cultures (20«21J. 

Cell line development 

The generation of scabic cell lines chac produce high 
levels of produce is certainly one of the most critical 
elemcncs required for the development of an efBcienc 
cell culture process. The use of dihydrofolacc reductase 
(DHFR) as a marker for selection and amplificacion using 
methotrexate represents the most common system for 
generating cells with high expression in CHO cells. In a 
recent modification of this standard approach, Btanchi 
and McGrcw divided DHFR into two fragments that 
could re-associate, aided by a leucine zipper, inco an 
active molecule [22*]. The two pieces could then be 
inserted inco the expression vector adjacent to light 
and heavy chains, respectively, to increase the probability 
thai only amplificacion events that amplified both the 
heavy and light chain segments would be selected. Sev- 
eral groups have also identified flanking elements to 
include in vectors for the purpose of increasing the 
development of stable^ high-producing clones, such as 
Che reccnrly reported example of expression augmenting 
sequence elements (EASE) {23] (reviei*^ed in [24-26]). 

The most commonly used approaches for transfection 
with random integration also lead to a wide diversity of 
expression levels (e.g. see (27]). Recent approaches to 
screen through this diversity in a high-throughput manner 
include approaches based on fluorescence-activated cell 
sorting (FACS) using a labeled anti-Fc antibody [28], a 
mctallochionein green fluorescent protein (GFP) fusion 
[29] or a surface affinity matrix [30]. 

Cellular engineering 

A recent trend has been the development of additional 
genetic manipulations to antibody-producing cell lines to 
confer properties enabling improved biorcactor perfor- 
mance. Specifically, manipulations have been directed 
primarily at controlling cell growth, preventing cell death 
or influencing folding and glycosylation. 

Over the past decade, a variety of approaches have been 
developed and evaluated to enable growth control with 
the goal of decoupling growth and recombinant protein 
production (reviewed in [25]). A recent example is the use 
of inducible expression of p27 to induce growth arrest in a 
serum-free recombinant CHO culture [31]. Another study 
correlated the increased productivity observed in p27- 
arrested CHO cultures with increased eel! energy Usage 
[32]. Bi et ai also recently reported that specific antibody 
expression was increased approximately fourfold in an 
NSO culture arrested using p21 overexpression (33]. Non- 
genetic approaches for growth control with sustained 
protein production^ which hold the potential advantage 
of being easier to implement for existing cell culture 



processes, have also been reported in CHO systems 
through the USc of galactose in place of glucose as a 
carbon source [34] or the use of nucleosides such as 
adenosine [35]. Finally, an approach using FACS-sorting 
of CFP-expressing cells was used to isolate protein- 
producing CHO cells in a growth -arrested state [36]. 

Apoptosis can be the major mechanism for cellular death 
in fed-batch cell culture. Consequently, several differ- 
cnt approaches have been recently evaluated to prolong 
culture viabilicy and, potentially, increase product titers. 
Members of the Bel family, specifically bci-2 ^nd bcl-xi, 
have represented the most common elements for engi- 
neering apoptosis resistance (see (37]), although reccni 
studies have also demonstrated effects using Aven [38], 
XIAP ancl CrmA [39] and approaches targeting 
Caspase-3 ac the RNA level have been reported [40]. 
Another study showed a modest benefit of h$p70 over« 
expression on NSO apoptosis-resjscancc and on the pro- 
ductivity of hybridoma cells generated from these hosts 
[41]. Following earlier work in which Bcl-2 expression 
Was shown to improve antibody and recombinant protein 
expression in the presence of butyrate in CHO cultures, 
an apotosls-resisiant, DHFR- and Bcl'.2 overexprcssing 
host was recently created by Lee and Lec [42]. In one 
recent study, the relative merits of Bcl-2 and Bcl^Xt^ were 
evaluated using a serum-free CHO-DG44 line produc- 
ing a soluble intercellular adhesion molecule. In this 
analysis, Bcl-Xi^ was observed to have more potent 
apoptosis-rcsistance effects, although benefits on total 
recombinant protein expression were only observed 
after amplifying the BcUxi^ expression to relatively high 
levels [43]. In response to potential concerns about the 
long-term effects of BcNx^ overexpression, another 
group recently developed an inducible system* using 
the metallothionein promoter, for BcNx^ expression and 
apoptosis-resistance during the production phase of 
hybridoma cultures [44]. Finally, the combination of 
growth control and anti-apoptosis effects via genetic 
engineering was recently evaluated in perfusion NSO 
cultures using combined p2I and Bcl-2 overexpression 
and enabled antibody specific productivicles approach- 
ing SO pg/cell/day [45*]. 

In addition to growth control and apoptosis, limitations in 
the secretory pathway represent a third target for cellular 
engineering approaches. For example, one recent study 
evaluated the levels of three potentially important secre- 
tory pathway proteins, heavy chain binding protein (BiP), 
glucose regulated protein 94 (GRP94) and protein dis- 
ulfide isomcrase (PDl), in hybridomas grown in serum* 
containing and scrum^free medium and found a correla- 
tion between GRP94 and PDI levels and monoclonal 
antibody production rates [46]. In another study, calnexin 
and calreticulin overexpression were found to nearly 
double Che specific productivity of thrombopoietin in 
recombinant CHO cultures [47], 
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A variety of approaches have been dcmonstraced for 
engineering che glyoosylauon pathway co manipulace 
che characccrisucs of ancibodtcs mcdiaced by oh'gosac^ 
charides (reviewed by [24,48,49]). Recent studies have 
demonstrated chac the absence offucose can dramatically 
Increase ADCC (S0\51]. As previously described for 
plane cultures, an alcernacive approach is lo engineer 
che antibody sequence co manipulate effector functions 
(reviewed by [521). In another recent study, Fc Sequence 
changes were identified to increase serum half-life 
as well [S3]. 

Process conditions 

As monoclonal antibody production processes arc increas- 
ingly scaled to larger fcrmencor volumes to meet incrcas* 
ing commercial demands, traditional scalo^up issues may 
present new challenges. For example, a recent study 
using NSO cuUures explored che effects of pH perturba- 
tions, which can occur in large fermeniors as a conse- 
quence of base addition for pH control [54]. Depending 
on the fcrmencor configuration, elevated carbon dioxide 
levels can also become an issue at larger scales. Carbon 
dioxide could have direct effects on cell metabolism or 
could affect culture performance by more general 
mechanisms related to the increased osmolality resuliing 
from increased carbon dioxide levels. To distinguish 
between these potential mechanisms, carbon dioxide 
and osmolalicy were independently manipulated in hybri- 
doma cultures and revealed an increase in productivity 
with increased osmolality, while carbon dioxide alone 
inhibited productivity [55]. Additionally, galactosylation 
of a hybridoma-produccd IgG2a decreased with elevated 
osmolality, while it increased with elevated carbon diox- 
ide levels (and controlled osmolalicy) [56]. Certain amino 
acids were also shown co restore the hybridoma growth 
rate, although only glycine bccainc was found to restore 
specific productivity at high carbon dioxide levels (57). In 
a separate study, antibody productivity was observed to 
increase by 50% with increased osmolality^ which was 
attributed to improved antibody processing and assembly 
in che secretory pathway [58], In another hybridoma 
example, an lgG3 was observed co have Increased galac* 
tosylation at higher pH (pH 7.4 versus 7.2 and 6.9) and an 
increased ratio of A^*acecylneuraminic acid to TV-glycolyl- 
neuraminic acid [59]. 

A series of four andbody-producing CHO lines, differing 
in gene copy numbcri were also evaluated under hyper- 
osmocic conditions. Antibody productivity was observed 
to increase most significantly in the lines with the lowest 
gene dosages (and corresponding mRNA levels) [60]. A 
proceomics approach was used co investigate the mechan- 
ism underlying the beneficial aspects of hyperosmolalicy 
on antibody specific productivity in CHO culture. The 
study identified an uprcguladon of oercain glycolytic 
enzymes chat could lead to increased metabolic energy 
in these cultures [61]. 



The effects of temperature have also been evaluated in 
recent studies. One recent analysis of antibody produc- 
tion in a CHO cell line showed no change in specific 
productivity at reduced cempcracurc, which contrasts 
with other reports including a study using the same 
CHO hose and a cytomegalovirus promoter with a differ- 
ent protein (62,63]. In another system, speciBc Fab pro- 
duction by a CHO line was seen co increase at reduced 
temperatures [64]. These results demonstrate char che 
effects of cempcracurc mlghc be cclMine specific. Given 
chat the opcimai temperature for growth and productivity 
can differ for a given cell line, a modeling approach was 
recently reported co aid identificacion of che opcimai 
profile for a given process [65]. 

Complex raw materials such as hydrolysaccs are still 
commonly used in cell-culture processes, although the 
mechanisms for che benefits of these additives arc not 
well understood and may vary becwccn cell lines, A recent 
study in which certain di- to pcntapepcidcs were added co 
the medium showed increased monoclonal antibody pro- 
duction in hybridoma cultures using specific peptides, 
supporting at least one possible type of beneficial com- 
ponent in che hydrolysaccs [66]. In another recent study, 
a hollow-fibcr microbloreactor was used to distinguish 
between che effects of fresh medium on hybridoma 
specific productivity and conditioned medium in increas- 
ing cell density [67). 

Conclusions 

As che clinical applications and needs for recombinant 
antibodies and ancibody fragmcncs have increased in 
recent years, the need for improvements in expression 
technologies co support these demands has correspond- 
ingly increased. Much recent work has led to significant 
improvcmencs in the development of multiple expression 
placforms across che range of microbial, fungal, plant and 
mammalian sysccms. Improvements in che microbial pro- 
duccion of antibodies and fragments have resulced from 
host-cell engineering to give increased produccivjcy. 
There is also a trend cowards producing antibodies or 
fragments with increased circulating half-life. This can be 
done either post-translationally, by adding PEG moieties, 
or during translation by adding an albumin-binding pep- 
tide or by expressing full-length IgG. There is a growing 
interest with both fungal and plant systems to a(5drcss che 
Issues surrounding non-mammalian glyoosylation, cither 
through glyoosylation engineering or through che muca- 
genesis of glycosylation sites. For the case of mammalian 
systems, a growing trend has been cowards manipulation 
of specific cellular pachways to improve performance, 
both regarding protein ciccrs and antibody characccrisncs. 
The development of these approaches has also led to an 
increased understanding of che fundamental cellular phe- 
nomena controlling cell growth, death and productivity in 
these systems. 
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Binding activities of a repertoire of single immimoglobulin variable domains secreted from 
Escherichia coli 

E, Sally Ward, Deilef Gussow, Andrew D. Griffiths, Peter T. Jones & Greg Winter* 

IN antibodies, a heavy and a light chain variable domain, VH and VL, respectively, pack together 
and the hypervariable loops on each domain contribute to binding antigenl-4. We find, however, 
that isolated VH domains with good antigen-binding affinities can also be prepared. Using the 
polymerase chain reaction5, diverse libraries of VH genes were cloned from the spleen genomic 
DNA of mice immunized with either lysozyme or keyhole-limpet haemocyanin. From these 
libraries, VH domains were expressed and secreted from Escherichia coli. Binding activities were 
detected against both antigens, and two VH domains were characterized with affinities for lysozyme 
in the 20 nM range. Isolated variable domains may offer an alternative to monoclonal antibodies and 
serve as the key to building high-affmity human antibodies. We suggest the name 'single domain 
antibodies (dAbs)' for these antigen binding demands. 
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Detailed knowledgre on antibody-antigen racognition 
is scarce given the unlimited antibody specificities of 
which only few have been investigated at an atomic 
level. We report the crystal structures of an antibody 
fragment derived from a camel heavy chain antibody 
against carbonic anhydrasc;, free and in complex with 
antigen. Surprisingly, this sin^e-domain antibody in* 
teracta with nanomolar affinity with the antigen 
through itb third hypervariable loop (19 amino acids 
long), providing a flat interacting surface of 620 For 
the first time, a single-domain antibody is observed with 
its first hypervariable loop adopting a tjrpe-l canonical 
structure. The Second hypervariable loop, of unique size 
due to a somatic mutation, reveals a regular /3-turn. The 
third hjrpervariable loop covers the remaining hyper- 
variable loops and the side of the domain that normally 
interacts with the vnriable domain of the light chain. 
Specific amino acid substitutions and reoriented side 
chains reshape this sfide of the domain and increase its 
hydrophilicity. Of interest is the substitution of the con- 
served Trp*103 by Arg because it opens new perspec- 
tives to ^humanize' a camel variable domain of heavy 
chain of heavy chain antibody (VHH) or to *camelize' a 
hxunan or a mouse variable domain of heavy chain of 
conventional antibody (VH), 



Conventional antibody IgG molecules consist of two light 
chains folded in two dotnains and two heavy chains folded in 
four domaina (1). Surprisingly, the serum of Camalidae con- 
tains in addition a large proportion ('-50%) of functional anti- 
bodies devoid of light chalna and heavy chains possessing only 
three domains since the equivalent of the first constant domain 
is missing (2). The two C-terminal domains of the heavy chain 
homodimers within camelida and conventional JgG molecules 
share largo sequence identities and are responsible for the 
efifector functions. Also, the N'terminal variable domain of the 
heavy chain antibodies (referred to as VHH)^ (3) has an overall 
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sequence and structure that is homologous to the variable 
domain (VH) of the heavy chain of a classical human antibody 
(4-8). Important amino acid differences occur between the VH 
and VHH in their framework 2 region. This region is hydro- 
philic in VHHs rendering' the domain soluble in aqueous solu- 
tion, whereas the region is hydrophobic in the VH, and its 
amino acids associate with the VL, The VHH domain repre- 
sents the smallest naturally occurring, intact antigen-binding 
site (9)i comprising only one single immunoglobulin domain 
with three antigen-binding loops (or complementarity deter- 
mining regions, CDRs). Heavy chain antibodies with high spec* 
ificity and affinity can be generated against a wide variety of 
antigens (10). Their VHHs are readily cloned (11, 12) and 
expressed in bacteria and yeast (13) and are extremely stable 
(14). 

In human and mousey the first two antigen-binding loops of 
a VH domain, CDRl and CDR2, can be assigned to a limited 
number of possible conformations referred to as canonical 
structures (15-18). The conformation of these loops depends 
both on their length and on the presence of specific residues at 
key positions. In contrast, the x-ray structure analysis of four 
VHH domains showed that their CDRl and CDR2 deviate 
significantly fVom the canonical loop structures observed in 
human or mouse VHs (19). 

The third antigen-binding loop (0DR3) of the VHH frag* 
ments is often constrained by an Interloop disulfide bond and 
is, on average, longer than a human or mouse VH-CDR3 loop 
(4). This allows for a potentially larger antigen^blndlng surface 
(20). 

About half of the dromedary single-domain binders to en- 
zymes are potent inhibitors (12), This can be explained by their 
long CDRS loop inserting into the active site cleft on the en- 
zyme surface, as illustrated by the lysozyme binder cAb-LysS. 
In this case J the N-terminal part of the 24-amino acid'long 
CDRd loop protrudes from the remaining antigen-binding sur- 
face» penetrates deeply into the active site of the enzyme (6), 
and mimics the lyso^tyme natural substrate (21). However^ 
several non-inhibiting antibody fragments with a long CDR3 
loop were also isolated (12), and these fragments are not ex- 
pected to interact with the active site of theit enasymes. There- 
fore, it was hypothesized that these non-inhlbitlngr VHH mol- 
ecules would interact with other clefts present on the protein 
surface. 

Here, we present the crystal structures of a camel VHH 
fragment, cAb-CAOS, both as free antibody and in complex with 
its antigen. This specific non-inhibiting enzyme binder recog- 
nizes the bovine erythrocyte carbonic anhydrase with an affin- 
ity of 72 nM {Ka\ which is in.the same range as other VHHs or 



mont; rmad, rooi-meen-Square deviations; hcg, human chorionic 
gonadotropin; Hi and H2, structural loop around, respectively, the first 
and second antigen-binding region of a VH. 
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single chain variable fragment (11, 12). Surprisingly, th6 struc- 
tural data reveal for the first time an antibody usin^ only one 
single loop, its CDR3, to interact directly with the antigen. 

feXPERIMENTAL PROCEDURES 
CrystallUatlon and Data Collection— T^t cAb-CA05 was extracted 
from Eschirichia coU periplasm and purifted by chromatoeraphy on 
Ni-NTA (Qtapen) and Superdex 7$ (AmersKam Pharmacia BiocecK) and 
gel filtration (12). The cAb-CA05-carboAie atthydrasa complex was pre- 
pared by mixingf cAb-CA05 in phosphate buffered saline with bovino 
erythrocyte carbonic anhydraae (Sigma) in a molar ratio of 1.2: 1 and 
applied on Superdex 75 (Amersham Pharmacia Biotech). Crystals from 
the antigen-free cAb-CA06 (1,7 mg/ml) and from the complex cAb- 
CA05*carbonic anhydrase (3.5 mg/h»l) were grown in 25% (w/v) 
PEQSOOO (Hampton), 0.1 M sodium derate, pH 5.6, using the hanging 
drop vapor dlAueion method. 

A data «et to 2.1 A for cAb-CA05 was eollectsd using a Rigaku 
RU-H2R rotating actode generator (Kobe, Japan) and a MarResearch 
imaee plate (MarRe&earch, Hambxirg, Germany). Data for the anUgeti- 
antibody orystal were eolleeted on beam line BW7A at EMBL-Hamburg 
using a MarResearch image plate. Primary data proce$«ine done 
with DGNZO (22)> scaling waa done with SCALA, and (Virther pirocesS' 
ing wae done with the CCP4 program suite (23). 

Structure Determinailon and Refinement— The atructure of the free 
antigen was solved by molecular replacement as implemented in 
AMORE (24), wing the VHH cAb-im05 (Protein Data Bank entry code 
IBZQ) as a search model. The structure was refined with X*PLOR (26) 
and RSFMaC (26). The CDR loops were deleted from the aearch model 
and rebuilt from scratch. Possible water positions were identified with 
ARP (27) and checked manually. Mode) and structure factors are de- 
posited in the Protein Data Bank, entry 1F2K. 

The aniSgen-anlibody complex structure was solved by molecular 
replacement with the antigen-free cAb-CA05 scrueCUre and human 
carbonic anhydraae acruciure (1CA3) aS aearch models. For refinement, 
we used the CNS program (28). and Included h simulated-annealing 
Step to reduce possible model bias. As the high resolution limit of the 
data aet is 3.5 A, a grouped B factor refinement scheme was used (only 
one B factor for main chain atoms and one B factor for aide chain 
atoms/residue). Model and structure factors are accessible through the 
Protein Data Bank» entry 1G6V. 

Superposition of structures or structure fragments and calculation of 
rm$(d were done with LSQKAB (23). Inter-residue and incer-atom dis- 
tances were calculated with CONTACT (23), and accessible surface 
areas were calculated with N ACCESS (29). Fiffurefl wfere produesd with 
MOLSCRIPT 2.1 (30) and rendered with RASTER3D (31), 

RESULTS 

cAb'CAOS Sequence and General Structure — cAh-CA06 is a 
VHH antibody fragment of 135 residues {Mr 15,000) that binds 
speci&cally to bovine erythrocyte carbonic anhydrase {K^ « 72 
nM) but does not inhibit the enzymatic activity of the antigen. 
It waa selected by panning from a VHH library of an izntnu- 
nized dromedary (12). The cAb-CA05 shares a high sequence 
identity v^ith other VHHa or human VHs of family III (Fig. 1). 
Nevertheless, the VHH characteristic amino acids in frame- 
work 2 (Phe-37. Glu-44, Arg-45, and Gly-47) (4, 20) are all 
present (Kabat amino acid numbering (32)). In addition, resi- 
due Trp-103, constitutively conserved in all VHs and interact* 
ing with the VL, ia substituted by Arg in cAb-(^05. Like most 
other VHHs &om camelids. the cAb-CA05 contains a long 
CDR3 (19 amino acids) with a cysteine at position 100c ex- 
pected to form a disulfide bond with Cys-3d located in the 
CDRl. The CDR2 of cAb-CA05 is unusually short as it contains 
15 amino acids instead of a standard length of 16, 17 1 or 19 
amino acida (32). 

The cAb-CA05 waa crystallised both as free antibody and in 
complex with its antigen. Antigen-free cAb-OA06 crystallizes in 
space group P 2^ with cell dimensions of a =» 29.98 A, 6 = 43,86 
A, c = 87.95 A, 0 = 93.23 • and two VHH molecules in the 
asymmetric unit. The antigen-antibody complexes crystallize 
in space group P 4:^2^2 with cell dimensions of <x = 83.86 A and 
c = 224.05 A and one antigen-antibody complex in the asym- 
metric unit. 



< fWvhEWORK 1 > <— Hl/CDRl— > 

cAb-CX05 QV0LVeSGGGSVQA£CS6ftLSCAAS G^T VSTVCMG 

cAb-Lys3 DVQLQASGGGSVQAGGStRLSClAAS GXT— -rGPyCMO 

cAb-ari05 QVQLVESGGCLVQAGGSLRLSCAAfi GYA YTVrVMG 

XldTTia hcg QVQLQESGGGLVQAGGSLRLSCAAS GRT GSTYDMG 

llama RR6 QV/QLQESGGGLVQAGGSLRLSCAAS GRMSGHGHYGMG 

Pot VH SVHLLES6GMLVQPCCSLRLSCAAS GFT FWIPVXS 

I I 11 II 

1 10 20 25 30 35 



^r^FRAKEttORK 2> < CDR2 > 

WirROAPGKERESVA TrL--G6STYrG0SVKG 
WB-ROaPGKCREGVA ArMMGGGITVVAOSVKG 
Hfc-ROAPGKiSRECVA AMDSGGGGTL^AOSvKG 
WtrRQAPGKBRESVA AINMOSARTryASSVRG 
WS-RO^CKBRErVA AIRHSGKeTWVKOSVKG 
UVRQAPGRGtiEWVS GVFGSGGNTDYADAVKG 
• I »• » I I I I 

40 50S2a 60 6S 



< rRAMEWORK 3«-- 

RFT r S QDNAKKTVy LQMN 
RTl I SQDNAKNTV Y t-LKM 
RFTISROKGKNTVYLQHD 
RFTISRDMAKKTVVLQMN 
RTT ISRDNAKTTVy LQMM 
RFT I TRDNSfCHTT^y LQMN 
t I I 

70 8082a 



-FRAMEWORK 3-> 
SLKPEDTAIYYCAG 
SLEPeOTAlYYCAA 
SLKPEDTATYYCAA 
3LKPEDTAVYTCGA 
6LKPE0TAVYYCAA 
SLRMJOTAIYYCAK 
I I 

be 90 94 



< ' CDR3 XFRAMEWORK 

STVASTGttCSRLRPYDY HY RGQGTQVtVSS 

DSTIYASYYCCGHGLSTGGYGYDS MGQGTQVTVSS 

GCYELRDRTY --CQ MGQGTQVTVSS 

GKGGTH DS WGQGTOVTVSS 

RPVRVDDtStPVGF DY WGQGTQVTVSS 

MRVSYVLTGF — DS WGQGTI.VTVSS 

I I I 

1 0 0 ab ode f gh i j k Imno 103 110 



Pic. 1. Amino add atquence alignment of VHHe and a human 
VJS. of known soructuro. The sequences of cAb-CAOS (this atudy), 
cAb-Lys3 (6), cAb.RN06 (S). llama VHH hcg (7), RR6 (8), and human Poi 
VH (60) are shown. The frameworks, the CDRs and the amino acid 
numbering [bottom line) are as defined by Kabat ei al. (32). The VHH- 
specific amino acida of the framework 2 region era in bold and an 
asterisk indicates their location. 

Tasle I 

Cry$taUographie data and r^in^tntnt atatiatieB for ant(^en.-fi^<s and 
antiffen'compltxed cAb-CAOS 



Data statiaUea 
(highea» ahdl) 


Aliti$«n'freo 


Antleren- 
compU»xe<t 


Resolution limits (A) 

R factor (%) 
Completeness 

Multiplicity 


31.0-2.1 
(2.21-2.1) 
10.3 (22.7) 
99.8 (99.8) 
4.9 (2.7) 
5.8 (5.3) 


26,5-3.5 
(3,69-3.5) 
15.9 (34.6) 
99 (99) 
4.4 (2.1) 
5.6 (5.8) 


Refinement otocbtics 


n of reflections 

# of reflections free 

Rfree (%) 


12786 
666 
19.0 
27.0 


10533 
602 
21.0 
27.6 


Geometty 


Rmsd bond lengths (A) 
Rmsd bond angles (') 
Rmsd planarity (A) 
ESU* Rfree (A) 
ESU ML* residual (A) 


0.009 (rofmac) 

0.027 (reanac) 

0.026 

0.23 

0.15 


0.008 (ens) 
1.360 (ens) 
/ 
/ 
/ 



* £SU, estimated standard uncertainty. 

* ESU ML, estimated standard uncertainty maximum likelihood. 

The structure of the antigen-free cAb-OA05 was refined to 
2.1 A resolution (Table I). It adopts the standard fold of an 
immunoglobulin variable domain with nine conserved anti- 
parallel /3-6trand8 (Fig. 2) and three hypervariable regions 
clustering at one end of the domain (I, 33, 34). The Cys-22 and 
Cy6-92 are oxidized into &n intradomain disulfide bond, con- 
served in all immunoglobulin domains. Its general structure 
superimposes very v>^ell with a human VH reference structure 
(ligm) and with all available VHH structures of camel (Imel, 
Ibsq) and llama (Ihcv, Iqdo). Root-mean-square deviations for 
the main chain atoms of the framework residues (residues 
2-24, 32-52, 55-72, 77^2, and 103-112) ranged between 0.58 
and 0.88 A. 
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FiC. 2. Superposition of antigea-firc€ oAb'CAOS and carbonic 
anhydrase complexed cAb»CA05. The atructwe of one of the mo\t- 
cuUs of cAb-OAOS aa it occurs ia the antigen-free crystal i6 superim* 
poaed on the cAb-CA05 structure of the antigen-complexed ctyataU The 
carbouic anhydrase is on the riehe end of the figure with the Za ion of 
the active site indicated. To enhance the viftualitation of the two VHH 
moUcules, we translated the free cAb-CA05 by 0.8 A to the lea relative 
to the cAb-CA06-antigen complex. The N- and C-ende and the CDR3 
location of the moleculea are given for reference. 

Structural adaptations, however, are expected to occur in the 
side of the domain that corresponds to the VL-interacting side 
of a VH domain. This area is hydrophobic in all VHs by the 
presence of Val-37, Leuv45, Trp-47, and Trp-103 side chains, 
conserved In sequence and structural position (Fig. ^) (35). 
The L46R and W47G substitutions and the Trp-103 rotated 
over iu Cfi-Cy bond in cAb-LysS (Fig. 3C) make this VHH 
region more hydrophilic. The YS7F mutation fills a hydropho- 
bic pocket created by the side chains of the Trp-103. Tyr.91, 
and the CDR3, where the conserved Tyr (three amino acids 
upstream of Trp-103) plays a central role (6), The W103R 
substitution found here in cAb-CA05 renders this 'former VL 
side* of the VHH even more hydrophilic. It also allows a shift of 
the PhB-37 side chain toward the Tyr-91 and Arg-103 (Fig. 3i». 
As a result, the backbone of the long CDR3 approach©© the 
former VLrflide even more closely (Fig. 4D). All these modifica- 
tions occur in the absence of distortions of the framework 
structure. In contrast, the partial camelization of a human VH 
in thig area by L45R and W47I substitutions makes the iso- 
lated domain more soluble but induces backbone deformations 
at positions 37-38 and 45-47 (36). In addition, the side chain of 
Trp-103 takes a completely new position (Fig. 3B). 

cAb'CAOS Hypervariable Regions^Th^ conformation of the 
HI loop (residues 26-32, the solvent-exposed loop around the 
CDRl) of cAb-CA05 fits with the canonical structure type-1, a 
conformation observed in all VH structures containing a 7- 
amino acid Hi loop (15, 16). This canonical loop structure is 
shaped by a sharp turn at Gly-26, clustering of the hydrophobic 
side cKains of Ala-24, Phe.27, Phe.29, and Met-34 (Fig. 4A), 
and the hydrophobic part of the Arg-94 side chain (CS-Ce of 
Lya-94 in Pot VH) (16). The sequence composition of the cAb- 
CA06 Hi loop harbors the key elements for a iype-1 structure 
except for the R94G and conservaUve F27Y and F29V substi- 
tutions (Fig. 1). These substitutions lead to a slightly dilTerent 
organization of the side chains forming the hydrophobic core of 
the loop but do not influence the main chain conformation of 
the loop (Fig. 4A). In contrast^ all previously solved camel or 
llama VHH structures had their HI loop folded into completely 
different main chain architectures. 

Residues 52-56 form a hairpin loop (denoted H2) that con- 
stitutes the antigen-binding region of the second hypervariable 
region (15, 16). Canonical structures of the H2 loop are de- 
scribed for loops with sizes of five, six:, or eight amino acids. We 




Fio. 3. Structural ors^anitation of the Vlr-facing aide of a VH 
and its oorreeponding bide in VHHs and a partial eamelised 
human VH. A, VL eye-view of a human VH (ligm. Ref. 50). the 
partial camelized human VH (Ivhp, Ref. 36). C the conresponding aide 
of a VHH. cAb-Ly83 (Imel. Ref. 6) and cAb-OA05 (thia study). The 
aide chain of reaiduee that Uke a different conformation among VH end 
VHH are shown in balhand-stick and are denoted by their single letter 
code. The side chain* of Arg-SS. Tyr-90. and Tyr-91 having airoilar 
orientations in VH and VHHs are shown for reference. 

previously showed that VHH H2 loops of six amino acids adopt 
conformations not yet observed in VH structures (19). Here, we 
are facing an H2 loop with only four amino acids (iF'ig. 1) that 
adopts a regular ^-hairpin structure (Fig. 4fl) known as type II' 
(37). A comparison of four- and five-amino acid-long H2 loops 
indicates that the addition of a Tifth amino acid introduces a 
bulge at position 55 and converts the loop to an H2 canonical 
structure type-1 (Fig. 4, B and C). 

The CDR3 (residues 95-102) of a VHH is on average longer 
than that of a VH (17 versus 12 residues) (4). although a 
notable fraction of llama VHHs were found with 'short* CDR3 
loops (20, 38). Another remarkable feature of the CDR3 of 
VHHs is the frequent presence of a cysteine forming a disulfide 
bond with a cysteine in the CDRl (4, 6). In this respect, the 
cAb-CA05 with a 19-amino add-long CDR3 loop and cysteines 
at positions 33 and 100c forming a disulfide bond is comparable 
with cAb-Lys3 (6) (Figs. 1 and 4D). 

The cysteine at position 100c can be considered to divide the 
CDR3 region into an N-terminal and a C-torminal part. The 
C-terminal part of the CDR3 loop folds back onto the side of the 
VHH domain corresponding to the side of the VH interacting 
with VL (1) (see Table 11 for a list of contacting residues) (39). 
Large parts of the former VL-slde are apparently shielded firom 
the solvent by the C-end of the CDR3. A similar location and 
function has been observed for the C-terminal part of the cAb- 
LyaS CDR3-loop (Fig. 4Z» (6) for the entire, much shorter CDR3 
loop of cAb-RNOS (5) and that of RRd llama VHH C8). 

The N<terminal part of the CDR3 of cAb-CA05 and cAb-Lys3 
are in a different environment. In cAb-LysS, it forms a protrud- 
ing loop (Pig. 4D) inserting in the catalytic site of the lyso^yme 
(21). In cAb-CAOS, this part of the loop does not extend into the 
solvent but associates with the residues of the remaining hy- 
pervariable loops (Table II). Thus, the N-terminal and C-ter- 
minal half of the CDR3 of cAb-CA05 contact different parts of 
the domain. Furthermore, the entire (long) CDR3 of cAb*CA05 
appears to be well ^ed by these abundant contacts and by the 
covalent CysSd-CysXOOc disulfide bond* 
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PtG. 4. Structure of the ancigen- 
binding loops in cAb'CA05. A, siereo 
pmentation of superpoAiiion of the Hi 
loop of the human Pot VH ( liffm) adopling 
H typ€-I canonical atruccure (brou/a) and 
the oAb-CA05 (blue) including' the 8true« 
ture-detemiining side chains forming: a 
hydrophobic core. J3, the peptide backbone 
of the H2 loop of cAb-CA05 and C, of a 
canonical structure type-1 human VH 
(7f&b) shown in ball-and-eiieh repireeenta* 
tion. The dashed tinea indicate the inter- 
loop hydrogen bonda. 9tek-eo picture of 
the superposition of the HI and H3 loops 
of cAb-Lya3 (Imei) (brown) and cAb^CA05 
{blue and red^ respectively). The Interloop 
diflulUde bond i« ahown ft> 'well a* the 
conserved diaulftde bond between the 
scaffold GyA-22 and Cy«-92. The Kabet 
numbering of a few amino acids in given 
for reference. 



D 




C 




The Antigen-Antibody Complex — In addition to the antigen- 
free cAb-CAOB crystal, crystals of the complex of cAb-CA05 
with Its antigen, carbonic anhydra£e, were obtained and dif- 
fracted to S.5 A using synchrotron radiation. The structure was 
solved by molecular replacement (see "Experimental Proce- 
dures") and the data and re5nement atatlstlcB for the antibody- 
antigen complex structure are shown in Table I. 

Binding of the antibody has Uttle influence on the overall 
structure of the carbonic anhydrase. The rmsd is 0,7 A for the 
Cot atoms between the bovine carbonic anhydraae molecule 
found here and the human carbonic anhydrase used aa search 
model. Also, the structure of the cAb-CA05 antibody in the 
complex is the same as the uncomplexed structure (Fig. 2), The 
rmsd of the antibody in the complex with respect to the free 
antibody is 0.4 A for all main chain atoms. Moreover, the 
hypervariable loops maintain their main chain conformation 
upon antigen binding; the Hi loop remains in the canonical 
structure type-l> the four-amino acid-long H2 loop keeps its 
conformation* and the structures of the CDR3 loops also resem- 
ble each other closely. 

The epitope consists of two separate continuous segments 
within the carbonic anhydrase. A first stretch includes residues 
46-52 and the second stretch involves residues 180-187 (Fig. 



2, Table II). The first segment uses mainly main chain atoms 
(21 of 29 contacts), whereas the second part of the epitope 
involves mainly side chain atoms (50 of 68 contacts). The para- 
tope comprises both, the N- and the C-terminal part of the 
CDR3 loop, In the N-terminal part of the CDR3, many main 
chain atoms participate in antigen binding; 32 of 60 contacts 
He, antibody atoms within 4.0 A of antigen atoms) involve an 
antibody main chain atom. In the C>terminal part of the CDK3, 
only antibody side chain atoms contact the antigen. 

The antigen^interacting surface of cAb-CA05 is to a large 
extent planar (Fig. 5). A solvent-accessible surface area of 622 
A^ becomes buried upon antigen com plexa tion. Remarkably, 
the CDR3 region provides this surface entirely. The antigen 
makes no contacts with the CDRl and CDR2 loops apart from 
Tyr-S2, which is at 3.7 A firom the carbonic anhydrase molecule. 
This is the first antibody fragment that shows high affinity and 
high binding specifiaty using one CDR loop for direct 
interaction. 

DISCUSSION 

The crystal structures of cAb-CA05, both antigeu-ftree and in 
complex with carbonic anhydrase, reveals the structural adap- 
tations in the VHH that explain its solubility and antigen- 
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tASLe II 

CDk3 nsiduts oontacting the renaining Vlfff or antigen 



... 

Ansibody rA9iaUM cont&etin^ 


InterBcitnff 
CDR3-^ 


AikOe^h reaidue* 
contaednff ch« CDR3 


Tyr-37. Tyr-32, Cy8*33 






Tyr-Sa 


Thr'd6 


teu-47, Ser-46, Val'49 


Gya-38 


Val-97 


VaU9, Leu-189 


Thr«31 


AJa-98 


Vq1-49 Ser-50 Tvt-SI 
ABp-52, Arg'-182 








Ser>{>9 


Asp-180, Arg-182 


t«eu>52, Tyr-58 


Thr-100 


A£D-180 Arc-182 






Aap-180 




Trn-lOOb 






Qlu-L$7 


















Arg-i-oz, v^iy-ioo, 






Leu-iaS, Qlu-1.87 


Gly-47. Val-48. Tyiv59, 


Gly-lOOf 










Airc*lOO|; 


Glu-187 


Gly-35» Trp-30, Phe-37, 


Pro-lOOh 




TI«r-60 






lPh©-37, Gly-47 


Tyr-lOOi 






Adp-lOOj 


Glu-187 


Cyfl^33, Met.S4. Thr-50 








Hi».101 


Pro-46 


Va\-2, 


Tyr-102 




Uu-4, t>he'37 


Axff.103 





* Residues of the antibody having atoma within 4.0 A to CDR3,- the 
r6aidu<e:3 iti bold beion^ to ODR. 

* CDR3 residues contacting ^ rem&ining VHH, the anticren, or both 
at* aligned in the column on the left, right, or middle, respectively. 

* Eeeidues of the antigren having atoms mthin d.O A Co the antibody. 
Gys raaiduea connected by a disulfide bond. 

binding capaaty in absence of a VL. The VH residues at posi- 
tions 11, 37, 44, 45, and 47 are all conserved, hydrophobic, and 
are involved in interdoxnain contacts (1, 32, 35). In the VHHs, 
these residues are substituted, more hydrophilic, accessible to 
solvent (20), and increase the solubility of the isolated VHM 
domains (40, 41), The Trp-lOS is another amino acid that is 
crucial for the interaction with a VL domain (35) and absolutely 
conserved in VH (98.8% occurrence) (I, 42). This Trp-103 is 
maintained within all the VHH^ of reported structure; how- 
ever, the side chain rotates —180* about the C/3-Cy bond to 
expose its most polar part, the Ne atom, to solvent (Fig. 3C). As 
found in -10% of the VHHs, Arg occupies position 103 in 
cAb-CA05 (Fig. 1). Obviously, this WlOSR mutation changes 
the nature of the former VL' surface even more drastically 
without disturbing the main chain conformation (Fig. 3D), The 
hydrophobic part of the Arg side chain integrates well with the 
neighboring hydrophobic side chains, v/hereas the guanido 
group extends into the solvent. From the present structure we 
infer that the W103R mutation on a human VH might form a 
better choice than the framework 2 mutations (41) to render 
isolated VHs more soluble. Such strategy for cameliadng a VH 
would keep the domain more human-like. We think that a 
domain with the conserved human sequence at its framework 2 
and carrying an Arg-lOS might behave as a VHH because such 
seQueneea were found as part of heavy chain antibodies, e.e. 
clones 12 and 14 of llama HCAba (20). In addition, it might be 
envisaged to humanize a camel VHH by bringing the frame> 
work 2 VHH hallmarks to the conventional human VH se- 
quence and by substituting the Trp-103 into Arg. 

From the available structural information of the smtigen- 
binding loops of VHHs it aeoms that the classification of canon- 
ical structures needs to be extended (19). A new canonical 
structure type-4, adopted by the CDRl loops of cAb-LysS and 
cAb-RN05, was already introduced (5, 19). In addition, the 
anti-human chorionic gonadotropin (hog) and anti-hapten 



epitope segment 1 




Fig. $, The antigen-binding »ite of cAb-CAOS. The cAb-CA05 ia 
shown vlth the scaffold au>m« in gray, CDRl atom» in bias, 0DR2 
atomi ins^vn. The CDR3 acam» that interact with the antigen are in 
red for hydrogen bonding, orange for van der WaaU contacts, and black 
for salt bridge. The Kabac nximbcring of the amino acids to which the 
contacting atoms belong 1$ fifiven for reference. The carbonic anhydrase 
epitope segments X (pink, dots) and 2 {red dots) are in balUand-stick 
representation. 

llama (RR6) VHHs exhibit a non-conventionBl HI loop struc- 
ture. It Is shown here for the first time that the HI loop of 
VHHs can be assigned to a type-1 canonical structure. This 
proves that the determinants of the type-1 HI loop conforma- 
tion are not a priori different for a VHH domain. Moreover, the 
CyS'Sa forming an interloop disulfide bond with a Cys in the 
middle of the CDRd loop is compatible with a canonical type*l 
structure in cAb-CA05 and a type-4 structure in cAb-Lys3. It is 
therefore clear that Cy5-33 is not a determinant for the Hi loop 
conformation. 

The H2 loop of the cAb-CA05 is special because it contains 
only four amino acids instead of the conventional five, six or 
eight residues. Structurally, the H2 loop of four amino acids 
forms a regular ^-turn of type H' (37). Because H2 loops of this 
length are absent in germline VHHs (43), they are generated by 
a somatic mutation. 

The long CDR3 loops of cAb-CA05 are divided based on 
distinct functions into an N-terminal and a C-terminal part, 
with the CyS'lOOc residue as midpoint making an interloop 
disulfide bond. A similar loop division was introduced in the 
CDR3 of cAb^LysS (6). The C-terminal part of both CDR3-loops 
is involved in extensive interactions with residuea that consti- 
tute the VL-interacting surface of a VH in normal VH-VL pairs. 
Thus, the CDR3 loop covers the remaining hydrophobic patches 
in this area of the domain and shields these from the aqueous 
solvent With the exception of the llama hcg VHH with its short 
CDR3 of eight amino acids, all VHHs of known structure share 
this feature. The VHH-specific amino acids Ph6-37, Arg-45, and 
Gly-47 are all contacted by the CI>R3 residues (Table 11), sup- 
porting the idea that it is the combined effect of these hallmark 
VHH substitutions and the (C-end of the) long CDR3 that 
provides the optimal single-domain properties of a VHH. To 
fulfill this role, the CDR3 of VHHs adopts a conformation that 
deviates fundamentally from the CDR3 of VHs. Indeed, the 
rules introduced to predict the CDR3 loop structures in VHs 
(44-46) do not apply for the CDR3 of VHHs since parts of the 
CDR3 are used to cover the side of the domain that interacts 
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with the VL in a VH-VL heterodimer. Furthermore, this novel 
CDR3 positioning in VHHs strongly suggests that the mu- 
tagenesifi of the framework 2 amino acids of a VH to mimic the 
VHH of camelids will be insufficient to convert a VH into a 
ftinctlonal, soluble single-domain antibody fragmenc. Addi- 
tional CDR3 mutagenesia In a camelized VH will be a prereq- 
uisite to restore the antigen binding characteristics of the pa* 
rental VH domain. This is ejcactly what the group of 
Riechmann (47) encountered when they used a cameliKed hu« 
man VH to generate single-domain molecular recognition 
units. 

The N-terminal part of the CDR3 of cAb-CA05 folds back 
over the ClDRl and CDR2. Both the N-terminal and the C' 
terminal part of the CDR3 participate in carbonic anhydraae 
binding (Table II), However, the residues of the N-terminal 
part that interact with the remaining CDR loops of the VHH 
domain bind with the antigen as well, whereas the C-Cerminal 
part of the CDRS-Ioop shows an alternating pattern of residues 
contacting either the antigen or the remaining VHH domain. 

The N and C-terminal part of the CDR3 of cAb-CA05 forms 
one large surface that is essentially flat. Two marginal notes 
can be made from this observation. First, although this para- 
tope architecture is also provided by the six hypervariable loops 
in the VH-VL heterodimers to recognize Large antigens such as 
proteins, the difference is that the cAb-CA05 paratope is com- 
posed by CDR3 residues only. The concentration of the para- 
tope into one single loop opens opportunities to design smaller 
peptidomimetics (9) or to randomize these residues and to 
create a synthetic library from which binders with new speci- 
ficities could be retrieved by the phage display technology (48) 
or ribosome display (49). Secondly, It seems that the paratope 
of VHHs bears a large structural diversity including the for- 
mation of a flat surface as in cAb*CA05» a protruding loop as 
seen for the K-terminal part of the CDR3 of cAb-LysS, or a 
cavity between the CDRs as observed for the hapten binder 
RR6. These VHHs contain a long CDR3 of 19. 24, and 16 
residues, respectively. The N-terminal jiart of the long CDRS of 
cAb-Lys3 protrudes from the remaining antigen-binding site 
and provides —70% of the antigen binding surface by insertion 
into a cavity harl>oring the catalytic site of the lysozyme (6, 21). 
In contrast, in cAb-CAOS we are confronted with a long CDR3 
that forms a planar surface that does not insert into a cavity on 
the antigen surface. It explains the failure of this antibody 
fragtnent to inhibit the enzymatic activity of its antigen. Fur- 
thermore, it proves that different parts of the carbonic anhy- 
drase with a planar or a concave surface are antigenic for heavy 
chain antibodies carrying a long CDR3. 
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Replacing the complementarity-determining regions in a human antibody with those from a mouse. 
Jones PT. Dear PH, Foote J, Neuberger MS. Winter G. 

The variable domains of an antibody consist of a beta-sheet framework with hypervariable regions 
(or complementarity-determining regions~CDRs) which fashion the antigen-binding site. Here we 
attempted to determine whether the antigen-binding site could be transplanted from one framework 
to another by grafting the CDRs. We substituted the CDRs from the heavy-chain variable region of 
mouse antibody Bl-8, which binds the hapten NP-cap (4-hydroxy-3-nitrophenacetyl caproic acid; 
KNP-cap = 1.2 microM), for the corresponding CDRs of a human myeloma protein. We report that 
in combination with the Bl -8 mouse light chain, the new antibody has acquired the hapten affinity 
of the Bl-8 antibody (KNP-cap = 1.9 microM). Such 'CDR replacement" may offer a means of 
constructing human monoclonal antibodies from the corresponding mouse monoclonal antibodies. 



